ALLISON NICOLE GERBER

alliegerberl4@gmail.com

EDUCATION

University of Maryland Baltimore, Baltimore, Maryland.
Doctor of PhilosophyJuly 2021

Biochemistry and Molecular Biology

Lebanon Valley College, Annville, Pennsylvania
Bachelor of Science, Cum Laude, May 2013
Biochemistry and Molecular Biology

RESEARCH EXPERIENCE
January 2016 Present: Graduate Thesis Research
University of Maryland, Baltimore
Baltimore,Maryland
Mentor: Dr. Nevil Singh, Ph.D.
1 Project: The role ofnonomeridL-12p40 in the generation of an immune
response.

o This project is centered on how tissspecific cytokine signals can affect
T cell differentiation by examining hothe p40 subunit ahe
heterodimeric cytokine H12 may be an important mediator of such
signals.

o0 My research (using knockout mice and bone marrow chimeras) found that
p35 made by stromal cells and p40 from dendritic cells can collaborate to
form IL-12. Importantly, this ne pathway was found to be important for
limiting the dissemination of a parasite (Leishmania) and potentially
suggested a new way to prevent tumor growth and metastasis.

o ldentified a new member of this family formed by1Pp40 binding
CDS5L. | generated reombinant p48CD5L and immunized $12p40/-
mice to generate mAbiswhich were used to optimize ELISAs and
blocking reagents.

o0 Methods utilized: Flow cytometry: Surface and Intracellular staining.
Western blot. Protein expression and purification. RNAaekion. RF
gPCR. Cloning and plasmid preparation. ELISA. Immunoprecipitation.
Immune cell isolation. Cell culture: immortalized cell lines, primary T
cell, parasites. Monoclonal antibody generation and validation.
Proliferation assays. Murine animal wogeneration of bone marrow
chimeras. Lymph node dissection. Injections (i.p., i.v., s.c., i.m. and i.d.).



PUBLICATIONS

GerberA.N, Abdi K, Singh N.J. The subunits of412, originating from two distinct

cells, can functionally synergize to protect against pathogen dissemination in vivo. Cell
Reports, manuscript under review

Gerber A.N, Abdi K, Singh N.J. A novel cytokine, fordhiey the binding of 1E12p40
and CD5L elicits a type 2 immune response, characterized by productio @indl 11
10 by T cells. Manuscript in prep

Wolf G.W., Gerber A.N., Singh N.J. The impact of FLT3L on memory T cell
homeostasis in vivo. Cellular Immalogy, manuscript under review

POSTER PRESENTATIONS

May 2021: The subunits of L2, originating from two distinct cells, can functionally
synergize to protect against pathogen dissemination in vivo. Gerber AN, Abdi K, Singh
NJ. American Association ofimunology: Immunology 2021, virtual

January 2020: A messaging system connecting stromal tissues, dendritic cells and T cells
based on secreted monomers oflRp40. Gerber AN, Abdi K, Singh NJ. University of
Maryland, Baltimore Biochemistry and MolecuBiology Department: Annual Retreat.

January 2019: Dendritic cell derived-12p40 binds extracellular proteins to make
heterodimeric cytokines. Gerber AN, Abdi K, Singh NJ. University of Maryland,
Baltimore Biochemistry and Molecular Biolodgdepartment: Annual Retreat.

May 2018: Dendritic cell derived HL2p40 binds extracellular proteins to make
heterodimeric cytokines. Gerber AN, Abdi K, Singh Wdherican Association of
Immunology: Immunology 2018, Austin, TX

March 2018: Secreted 1L2p4D finds IL-12p35 in the extracellular milieu to generate
functional IL-12 cytokine. Gerber AN, Abdi, K, Singh NJ. University of Maryland,
Baltimore Graduate Research Conference.

January 2018: Secreted-12p40 finds 1:12p35 in the extracellular milieu generate
functional IL-12 cytokine. Gerber AN, Abdi, K, Singh NJ. University of Maryland,
Baltimore Biochemistry and Molecular Biology Department: Annual Retreat.

May 2017:Secreted IE12p40 finds 11-:12p35 in the extracellular milieu to generate
functioral IL-12 cytokine. Gerber AN, Abdi, K, Singh NJ. American Association of
Immunology: Immunology 2017, Washington DC

January 2017: Secreted-112p40 finds 1l:12p35 in the extracellular milieu to generate
functional IL-12 cytokine. Gerber AN, Abdi, KSingh NJ. University of Maryland,
Baltimore Biochemistry and Molecular Biology Department: Annual Retreat.



ORAL PRESENTATIONS

March 2020: Extracellular assembly of heterodimerid ZLcytokine confers protection
against systemic but not local Leishmamajor infection. University of Maryland,
Baltimore Graduate Research Conference.

March 2019: Dendritic cell derived {.2p40 binds extracellular proteins to make
heterodimeric cytokines. University of Maryland, Baltimore Graduate Research
Conference.

May 2017: Secreted H12p40 finds Il-:12p35 in the extracellular milieu to generate
functional IL-12 cytokine. American Association of Immunology: Immunology 2017,
Washington DC.

PATENTS

Gerber A.N, Abdi K & Singh N.JA recombinant heterodimeric cytokine beson p40
CDS5L.

Provisional Patent Application Number: 63/062,682 filed August 7, 2020

HONORS AND AWARDS

March 2019Best Oral Presentation. University of Maryland, Baltimore Graduate
Research Conferen¢&RC)

May 2017:American Association of Immunolo@Al) Travel Award



Abstract

Title of Dissertation:

Monomeric IL-12p40 binds partner proteins to modulate immunefegettion

Allison N. Gerber, Doctor of Philosophy, 2021

Dissertation Directed by:

Nevil Singh, PhD, Assistant Professor
Department of Microbiology and Immunology

University of Maryland School of Medicine

Cytokines are critical mediators used by immune cells to communicate as well as
protect. ThelL-12 family of cytokines are made up & and b subunits typically
assembledvithin one cell and secreted as a heterodime. 2 p 4 0 i s -subueit shar ed
for both IL-12 (paring with 1:12p35) and IE23 (with IL-23p19). However, the W
12p40 monomer is often secreted in excess during infections, but its biological role was
not krown. In this thesis we investigated the function of secretet?ji40 monomein
vivowi t h the centr al hypot hesi s t la@btnitsnhe mono
vivo to generate IE12 as well as other heterodimeric cytokines. Consistent with this
hypothesis, irchimeric mice containing mixtures of cells that can only express either IL
12p40 or 11-:12p35, but not both togethare found thatunctionaly active IL-12 was
generatedThis alternate twaell pathway requires H12p40 from hematopoietic cells to
extracellularly associate with {L2p35 from radiatiomesistant cells. The twoell

mechanism was sufficient tafluencelocal T cell differentiation in sites dadtto the



initial infection and helped control systemic dissemination of a pathogen although not
parasite burden at the site of infection. Broadly, this suggests that early secretien of IL
12p40 monomers by sentinel cells at the infection site may hegdanerdistal host tissues

for potential pathogen arrivdh addition to this role in generating-il2 through twecell
assembly, we found that 412p40 has a novel partner protein, CD5L. This novel
heterodimer was present in the serum of uninfected miitk, differences in the basal
levels between B6 and Balb/c animals, with Balb/c having higher amounts-&f[R3I0.
Functionally, we found that treatment with p@D5L leads to |4 and 1L-10 production

by T cells. Taken together, this thesis offers at leastmajor fundamental advances in
cytokine biologyi one the concept of a tweell assembled cytokine and second the
identity of a novel f2-promoting heterodimeric cytokine. The first has significance in
immunotherapy and understanding immunity to tisspecific modulation of immune
responses. The second is expected to drive significant research on allergy, responses to

parasites and immune deviation.
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Chapter 1: Introduction

1.1.A brief introduction to the vertebrate immune system

In this thesis, | examine how the cells of our immune system are regulated to deliver
optimal protective immunityThere are two arms of the immune systeknown asthe
innate and the adaptive system. The innate
defense against a pathogen and consistglafively broadlytargeted responses which
can starguickly afteran injury, infection, or tumor initiatiariThe nnate immue system
starts withanatomic and physiological barridilse the skin and gut linindf these fail to
keep the pathogen at bay, a diverse collection of cells is recr@e#d. of the innate
immune system recognize pathogens through pattern recognition receptors (PRRS),
expressed on the cell surfad@RRscan detect common pathogen assteci molecular
patterns (PAMPs)which numerous pathogensan share. PRRs can also recognize
infection through the recognition of molecules released in response to host damage,
known as damage associated molecular patterns (DAMRBhNg the PRRs are saaé
types of receptors with distinct localization to recognize both extracellular and
intracellular PAMPs and DAMPs. Membrane bound PRRs, such as thdik&oll
receptors (TLRs) and -§/pe lectin receptors (CLRS) recognize extracellular patterns.
Intracelldarly, NOD-like receptors (NLRs) and RIGlike receptors (RLRS) recognize
threats in the cytoplasm. Afteecognition of pathogens, the cells of the innate immune
system have a variety of specialized features to aid in pathogen rei®orna. of these
cells havea phagocytic function, includingeutrophils macrophagesand dendritic cells
(DCs). Other cellgespond with degranulation reactions which involves the discharge of

cellular contents including histamines and enzymes that aid in the removal ajqath



These include neutrophils, mast cells, eosinophils, and basophils. Natural killer (NK)
cells are also involved in the innate response and kill pathogens via the destruction of
infected cells using specialized mechanisms to induce cell death. Taeglsar an
important part of the defense against tumors, especially when the tumor attempts to hide

from the rest of the immune syst¢h®, 20]

If an innate response is insufficient to clear a pathogen or tumor, the adaptive
response is activated. While the innate response is a broadly specific, rapid response, the
adaptive response is highlyespfic since it is directed tanolecular featuresinique to
eachpathogenThe adaptive response takes longer time to develop after an infection or
malignancy but is also unique in that it can form long lasting memory resp@igaee
1.1). The adaptivernmune system consists of two cell tyfie§ cells and B cells which
carry out celmediated and antibody responses, respectively. There are two main types of
T cells, differentiated by their function and identified by their cell surface markers. T
cells whch express CD8 on their cell surface are termed cytotoxic T cells’ T8lls
function by mediating killing of infected cells through perforin and granzyme activity.
Conversely, T cells which express CD4 on
will interact with many other cells either using cell surface molecules or produce

cytokines, which then dictate the effector responses of the other cell types.

t
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Figure 1.1 The vertebrate immune system involves two major arms. The cells that make up th
immune system fall into two major categoriesCells of the innate system respond very rapidly ti
pathogen. The cells in the adaptive immune system (primarily T and B tadés)onger to be fully
activated and kick into action. The latter also need to be informed about the pathogen by inna
The focus of this thesis is on the interface. We examine the specific mechanisms used diytiee||
innate system (primarilydendritic cells) and other tissue compondntsommunicate with T cells anc
influence their course of actioRigure under Creative Commons Attribution License f@#.

Importantly for this thesis, the activation of the adaptive immune system is dependent

on multiple layers of communication with the innate system. First, the molecular features

from pathogens (antigen) that T cells are activated against (and in soméheaa@tsgen

that reaches B cells as well) must be displayed by innate cells we call Antigen Presenting

Cells (APC). In addition to the phagocytic and degranulation roles of some innate cell

types discussed above, several innate cells act as APCs. Imthgtad T cells (the cell

type focused on in this thesis), DC are typically the APCs, but macrophages and B cells

can also present. DCs arise from hematopoietic stem cells in the bone marrow and were

initially thought to develop through the myeloid lineagowever, DCs can develop from

lymphoid progenitors as well. There are multiple subsets of DCs with distinct immune



functions. Plasmacytoid DCs (pDCs) are characterized by the production of type |
interferon (IFN) in response to foreign nucleic acidsogmized via TLR7 and TLRO.
Langerhans cells (LC) are a specialized subsematrophageswhich arise from
embryonic precursors rather than the bone marrow. LC are localized to the skin and
lining of the respiratory, digestive and urogenital tracts, are rasponsible for
surveillance and pathogen sensing. The DCs most associated with T cell activation are
the conventional DCs (cDCs) and can be further divided into two suibs&€1s and
cDC2s. cDC1s express CXCRL1 on their cell surface and are primesggnsible for the
activation of CD8 and Tu1 CD4 T cells. cDC1s are also unique in their expression of
TLR3. Conversely, cDC2 are CDI1hnd primarily activate CD4T cells (Figire 1.2)

[21, 22] A second method of communication between the innate and adaptive system is
mediated by specialized molecules called cytokines. Cytokines can be produced by either
innate or adaptive cells and can have varying functions depending on the cell that
producedthem as well as the cell they are acting on. Cytokines can signal either pro

antrinflammatory signaldetween the cells of the immune system to dictate responses
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Figure 1.2. Dendritic cells are imprtant for initiation of T cell responses. Of the innate immune cellglendritic

cells (DC) are the most critical for this thesis. They play an important role in the initiation of T cell responses
bridge initial sites of infection with thsites of T cell activation. DCs are found in all tissue sites and come in va
flavors. Each can play distinct ralén regulating immunity. Figure adapted frofh2] under Creative Common:

Attribution License (CC BY).
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During the initial innate response, DCs will recognize pathogens through RiRg P
and cary out their phagocytic functions for pathogen removal. Upon phagocytosis,
pieces of the pathogen can be broken down into small peptides within the DC. These
peptide fragments then get loaded onto specialized molecules called major
histocompatibility comfgx (MHC) proteins. DCs express these MHC proteins loaded
with peptide on their cell surfaces to present as antigens for recognition by the T cell
receptor (TCR). This acts as the first signal to the T cell that a response is needed.
However, this signakinot sufficient to induce a proper response from T cells. A second,
costimulatory signal is needed to fully activate the T cell and initiate proliferation and

response (Figre1.3).

Signal 1

pe-we—+ CD4
MHC Il T SO ] TCR

Signal 2
CD80/CD86 TH—SBE g CD28

Signal 3
cytokines

—
e _© _
DC @ - Naive CD4

cell

Figure 1.3. T Cell Activation. The DC (purple cell on left) providghree major signals to the T ce
(blue cell on right) for its activation. Signal 1 is the antigeecific signal which tells the T cell whicl
specific pathogen is there. Signal 2 informs the T cell that there fisreat (that requires T cell
activation) and signal 8 which is the major focus of this thegisinstructs the T cell omhat to do
about this specific threat. Figure created using BioRecai@r.



As there are many different types of pathogens, there are different T cell responses
which mediate the clearance of each pathogen.*ADdells are further divided into a
growing number b helper subsets, each with a distinct cytokine profile and effector
response. Each T helperHTsubset is characterized by a master transcription factor
which dictates its fate and the effector cytokine produced during the response. In
response to intratlular pathogens such as viruses and bacteria, typicalijl aBponse
is generated. d1 cells are characterized by the expression-bf8t and produce | F
their effector c¢yt okresaltsinthd dctvatign ofondarophages n o f
to aid in pathogen clearances2l cells are important for response against extracellular
parasites, including helminths and are characterized by the expression of GATA3 and the
production of Il-4, IL-5 and I-13. The production of Ik4 by Tu2 cells results in B cell
class switching from IgG1 production to IgE.-BLis involved in eosinophil recruitment
and IL-13 contributes to smooth muscle contraction and epithelial cell mucus production.
TWl7 <cell s e xmd rppduse [ER7/A,RIb-17F and 1-:22 in response to
extracellular bacteria and fungi. The production of-1IL results in neutrophil
recruitment. H17 cells are heavily enriched at mucosal barriers an@2llsignaling
results in the production of antimicrabipeptides at these barriers. Additionalshibsets

include TH9 and H22, which produce K9 and IL-22, respectively (Figre 1.4) [24].
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Figure 1.4. T Cell Subsets differentiate based on Signal Signal 3 (see Fig 1.3) is typically delivered t
DCs (labelled APC for antigepresenting cell, to indicate its ability to also present antigen which ¢
signal 1) to naive T cells during actiian. This signal is indicated on each of the arrows to the right of
naive T cells and results in their differentiation to individual T cell flavors as a result of triggering indiy
STATs inducing appropriate lineagpecifying transcription facter Figure under Creative Commotr
Attribution 3.0 from[13].

To differentiate into the proper effector response, T cells must get instructions. The
instructions needed to differentiate properly are relayed to them by APC duatingtion
in the lymph node. As discussed previously, T cells need two signals in order to be
activated for response. To dictate which type of response requires a third isignal
cytokines produced by the DC. When a DC encounters a pathogen and recdgnizes
through its PRR, these receptors signal gene expression changes that result in the

upregulation of cytokines needed to skew the T cell response into the proper effector



state. This is the step of immune control that is studied in this thesis. Ofttikeneg
made by DC, the H12 family is very important. The namesake of this fariilj.-12,
acts to direct T cells toward the;,I cell fate (discussed above). A related membe23L
helps make T cells intoHL7. These are of course, not the only cytokineslved. An
unrelated cytokine H4 is canonically involved in inducing differentiation to42l

(Figure1.4).

1.2.The IL-12 Family of Cytokines

The IL-12 family currently consists of five membér$l-12, IL-23, IL-27, IL-35 and
IL-39 (Fig. 1.5) as well as a synthetic member;YL[25]. These have a unique feature

among them in that they are all heterodimeric cytokines formed by using different

combinations of a |imited number of- protei

subunit -sabumt oAvea i-Bubairiitd age either HL2p40 or EBI3, which are
paired with an-gubumifsi ILt-12@85, fl-B3p19 or W-R7p2B. ILi12 and

IL-23 share IE1 2 p 4 0  a-sububithvath [-12@10 binding 112p35 to form 1112,

or to IL-23p19 to érm IL-23. IL-27, IL-35 and I3 9 a |l | use -&BUN3 as
binding to IL-:27p28, Il-:12p35 and IE23p19, respectivel{Figure 1.5). The synthetic IL

Y is made of 1:12p40 linked to 1L27p28[26].Typically, IL-12 and I-23 have been
thought to be proinflammatory cytokines while-2Z and 11-35 have been considered
immunoregulatory or inhibitory. Nevertheless, many of these cytokines have been shown

to have both inflammatory and inhibitory roles depending on the context.

t

h ¢



IL-12 IL-23 IL-27 IL-35 IL-39

p35 p19 8p28 8p35 p19

p40 p40 EBI3 /EBI3 \ EBI3
PR

Cytokines:

Receptors:

.......................................

IL-12RB1  IL-12Rp1 WSX-1 WSX-1 IL-12RB2 IL-12RB2 gp130  IL-23R
IL-12RB2 IL-23R gp130 IL-12RB2 gp130  IL-12RB2 ap130 gp130

Figure 1.5. The IL-12 family of cytokines and their receptors.This thesis focuses on one particul
family of cytokines capable of delivering signal 3 to activated T cells. ThE2Ifamily members are
heterodimeric cytokines (made up of two distinct subunits) and engage an assortment of receptor:
adapted fronj15] under the Creative Commons Attribution License.

Despite the subunit sharing, each cytokine in thd2lfamily has been shown to
have distinct roles in the immune system. As mentioned in section 112 Ik
responsible for skewing CD& cellstoaB®l phenot ype. Il n addition -
productionby Tcells, £1 2 has al s o b e e n freniNK velis, GD8+Ti nduc e
cells and ILCs. IE12 driven responses have been shown to be necessary in response to
several different pathogens including tuberculosig27], T. gondii[28], and of note for
this thesisl.. major[29]. IL-12 is also heavily involved in the tumor respof&®d. IL-23
is responsible fordriving H1 7 pr oducti on from T cell s, i ncl
IL-23 driven IL-:17 production is implicated in autoimmune disease including
Experimental autoimmune encephalonyel(EAE), inflammatory bowel disease and
psoriasis[31]. Despite being generally characterized as aniaftdimmatory cytokine,
IL-27 was initially discover-€fhasakobpenshovent i ng |
to promote the production of 1. For its antinflammatory roles, 1k27 promotes IL
10 production by TregE2]. Independent of K10 production, IE27 is also involved in

the suppression ofHL7, T2 and H9 cells.IL-35 is an antinflammatory cytokine,



involved in the expansion of Tregs as well as the suppression of effector T cell
proliferation and the inhibition of T cell differentiation tg¢eIrand H17 subset§33]. IL-

35 is also produced in the tumor microenvironment as a mechanism for immune evasion
by the tumorf34]. As the newest member of the-12 family, the function of IE39 has

yet to be fully determined, though treatment has been shown to recruit ndstramihi
production of 11-39 is associated with increased severity of systemic lupus erythematosus

(SLE)[35, 36]
1.3.The protein subunits of the heterodimeric IL-12 cytokine family

In this section, | will discuss the properties of each of the subunits deaitalthe
heterodimeric cytokines. These critical gene products can be assorted among each other,
giving rise to different combinations. One interesting teleological point is that despite the
necessity for both subunits to form each of these cytokineb, ®#&unit is located on
different chromosomes in both the human and the mouse. Further, as | discuss below,
none of the subunits seem to have a separate and critical function by themselves. This
suggests that they were selected for working together,diutatessarily for any one of

the multiple cytokines alone.

As mentioned irsectionl . 2 , each cytokine is ma-de wup
subunit (Ik1 2 p 40 or E B ts@olnit @L12p35, alla23pl19 or 11-27p28).
Structurally, h e -subunits are similar to the soluble-@Lreceptor, composed of two
fibronectin type Il domains and antNe r mi n a | | g d-subumitsare fouwhi | e
helix bundleswith an upup-downdown topology, structurally similar to the I6

cytokine(Figure 1.6).

10



Figure 1.6. The p40 subunit of IL:12 is homologous to the receptor of 6. (A) A compute
rendering of the IL6 cytokine (green) bound to the-B.receptor (brown). (B) The p40 subunit (brow
showing binding to the p35 subunit (green) ofll2.
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Figure 1.6. continued.(C) Amino acid sequences of the-@R and 11-12p40, highlighting conserve
positions (D) I6R and (E) 112p40 conserved structural features. Figures obtained[fp&)} under
Copyright Clearance Centet #205401 and #.1205421.
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1.3.1 1L-12p40

The IL-12p40 gene 1[12b) is located on chromosome 5 in humans and
chromosome 11 in micg7]. It contains 8 exons and 7 intronsdaencodes an mMRNA
transcript that is 2.3 kb in si488, 39] (Figure 17). At the nucleotide level, the 1L
12p40 mouse and human mRNA are 70% identical, with an amino acid sequence

similarity (Figure1.10) of 796 [40].

5000 70,000 15,000
[ IL12B >
== mmmeccemm = === mmm—- W--=-====== W===== f======== o - .|:>
IL12B mRNA
| EEEE Y ' EE IR | EEEEEE === === >
1L128
Human IL12B
15,708 bp
44,292,500 44,295,000 44,297,500 44,300,000 44,302,500 44,305,000
[ TI12b
[===m e e m e e |l B = ====== B ==f===== O- -|:>
I112b mRNA
| BRI B------- H------- -
1112b
|] ............... |:| -[| ....... D - -D ..... |:| - -|
signal peptide mature peptide

Mouse IL12B
14,615 bp

Figure 1.7. The genomic organization of IE12p40.The genomic locus of human (A) and mouse (
IL-12p40 genes are shown, highlighting exons that make up the transcript (gray, with dashe
indicating intronic regions) and thexon sequences encoding throtein coding sequen¢eed). Figure
made using SnapGene.
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Figure 1.8. Expression levels of IE12p40 in different human tissuesFigure created with data
obtained if1] and the ARCHSweb resource.
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The expression ofil2b has been shown to be restricted to lymphoid tissues and
antigen presenting cells, mainly macrophages and dendritic [ddl]s More recent
analysis with RNAsedpas shown widespread expression in tissues, primarily since DCs
are present in most tissue isolates (Fey1.8). The production ofl12b is highly
regulated, with several transcriptional regulatory elements present in the promoter region
(Figure 1.9) induding a TATA box and binding sites for AP1, AP3, GATA and PU.1
[38]. Many transcription factors have been identified binding to these and additional sites
within the 1112b promoter region. Two sites have been identified ascalr for the
production of I-:12p40i an NFo®8i thal §80% i dentity to conse
an ets sitg¢42, 43] The ets site is locate@92 to-196 relative to the transcriptional start
site and binds a complex of ptheRFleomplsx. i nduc e
This complex includes Et8, IRF1, ¢Rel and other Etgelated factord43, 44] In B
cells, the F1 complex contains IRFinstead of IRFL and is thus termed F142]. The
NF a B -siteai$ focated-131 to-121 pri or to the transcriopt:
complexes of p5@Rel direct the transcriptional activation bf2b through this site.
| mmedi ately wupstream of the NFaB site, t he
contributes tdl12b transcription but is not a critical site for upregulation in response to
L PS an f5].linkpditantly, one of the mechanisms involved in the regulation-of IL
12 production i s f eedb dlt2k prdduyction ifr &NmositiveloF No ¢ an
negative feedback manner,aftatleP stimdationgesulisn t i mi n
in a strong positive feedback [4nd6h Theehi ch r e
| FN2 upr elf2blalsotrequores the transcription factor IRF1, as Salkowski et al.

found that IRF3/- macrophages were unable to augni&ib transcription in response

15



to I[#4No Pr ol on gmralhg ledFtdl a downregulation iHl12b [46]. The

negative feedback regulatitmy | FNo2 may be through the trans
macrophages deficient i n Cll2bBkRbponseatadLPE Nncr eas:
and [48.N1R2b transcription can also be negatively regulated via calcium influx and

t he MEK/Erk pathway i n [40leUpmrgulatoreofllizb byLPS and
dendritic cells and macrophagesiaso occur in response to T cell interactions through
CD40-CD40L interactiong50]. Polymorphisms in the H12p40 geneouldimply a role

in a number of autoimmune diseases, including dialjgtgs rheumatoid arthriti$52],

and psoriasi$53]. SNPs have also been associated with an increased risk for different

cancers, including glioma, esophogeal and breast cEs¥86].
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Figure 1.9 The expression of I:12p40 is controlled by multiple signals and transcription factors.
A summary of the evolving picture of how tisssecific expression of H12p40 is controlled.
Typically, the presence of pathogens or injury, stimulates PRRs (TLUR®, & TLR2) which signal

via the NFBB pathway to initiate IE12 transcription. In addition, IFN(the effector cytokine typically
induced by 1-:12) help to amplify (and in some cases induce) the expression-b? Nia STAT

signaling. Over the years, addital regulators (e.g. H4, which negatively regulates expressiored

line) or signaling modalities (e.g. role of INK) have been described. These are not yet fully unde
especiallyin vivo. Figure from[17] under the Creative Commons Attribution License.

Initial translation of 11-:12p40 mRNA results in a 32&mino acid propeptide,
containing a signal peptide which spans the first 22 amino §&&JsOnce within the
ER, the propeptide is processed which results in the removal of the signal peptide by
signal peptidase. A key step in the folding of wmatIL-12p40 is the formation of
intrachain disulfide bonds. As such, the cysteine residues on each molecule are important.
A key difference in the mouse and human forsnalso in these cysteine residues, where

the mouse has 14 and humans have 11, with the three that are not conserved located near
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the C terminus (Figre 1.10) [40]. Despite mouse H12p40 containing more cysteine
residues, human H12p40 contains more intrachain disd#i bonds, formingfour
compared to just one in the mouse. In additior]2p40 is subject to post translational
modifications, whichare also different between the mouse and human, with four
glycosylation sites in the mature mouse protein and three turemamaniL-12p40[39,

40]. However, mature H12p4 can be secreted with or without glycosylati&7].

Initial cloning and transfection of the 412p40 cDNA into cod cells found four
different bands relating to the secreted1®p40 of 35, 37, 40 and 44 kDa under
norreducing conditions, indicating multiple glycosylation varid8]. Studies by Carra

et al investigated the glycosylation of the-12p40 subunit. Nomeducing gels of IL
12p40 monomer secreted by stimulated monocytes showed doublet bands at 39 kDa and
36 kDa. These bands were extracted and resolved-IRABE, resulting in a minor band

at 44 lDa and a major band and 41 kDa, related to thereducing bands of 39 and 36,
respectively. Upon treatment with EndoF, the 44 kDa band shifted to 41 kDa and became
more acidic, indicating a neutral glycosylation. NANAse treatment also altered the 44
kDa band, causing a slight basic shift, indicating some sialic acid modification of the
sugar residug¢58]. Bohnackeret al. identified four potential glycosylation sites on-1L
12p40 at N125, N135, N222 and N303. Using point mutations of each potential
asparamne residue with electrophoretic mobility shift assays, they were able to confirm
N125, N222 and N303 as-fjlycosylation sites in 1£12p40. Further, the glycosylation
status of 1:12p40 had no effect on the ability to bind1Rp35 or 11-:23p19 to form Ik

12 and I-:2 3, nor on either cytokinE¥%hs ability

18
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Figure 1.10 Comparison of human and mouse 1L12p40.The alignment of mouse $L2p40 with the
human protein, highlighting residues which are-entical between the two species. Alignment ws
done using NCBI Blastp

An appreciation of the synthesis of-I2 and secretion in vivo is central to the
scientific premise leading up to this thesis. Previous data from our labréMigll)
highlighted a discrepancy in the amounts 6flRp40 and IE12p75 secreted in vivo (this
is further discussed in chapter 3). They also showed tha2pd0 monomer obtained
from IL-12p35KO mouse serum under nA@ducing and reducing conditions had
multiple IL-12p40 isoforms. Analysis using twbmensional difference in gel
electrophoresis coupled with mass spectrometry showed that seri@p40 is made up
of 9 different species, migrating between 40 and 66 kida pl ranging between 5.9 to
7.2[7]. The glycosylation status of 1L2p40 has not been shown to have an effect on its
secretion or the formation and secretion oflR or IL-23, as Bohnackeet al showed
via mutation of N125, N135N222 and N303 residuel$9]. Analysis of IL-:12p40
glycosylation as part of an F8 antibeflysion protein revealed that alternate
glycosylation profiles affected the tissue distribution of1Rp40, with the non

glycosylated protein failing to localize in the tumor milieu during lemgle[60]. Thus,
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different glycosylated forms of HL2p40 protein may result in differential distribution

but the exact role of thglycosylationvariants is yet to be fully determined.
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Figure 1.11 The secretion of IL-12p40 vs IL-12 in vivo. A key finding leading to the centra
hypothesis of this thesis is our previous work showing th&2p40 monomer (open circles) i
made far in excess of the heterodimeriel cytokine (solid circles) in vivo. (A) Scheme ¢
experiment : Mice were immured with different doses of a TLR ligand (LPS) and ser
sampled at 4 hours for either protein (B) Levels 6flR_p40 and IL12p75. Note that the scal
is necessary to display the high levels ofl2p40. (C)The data for IL12p75 alone from the
same grap, plotted on a scale to show the increase ii2levels.Figure adapted frorfi1]
under Copyright Clearance Center #1120850
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IL-12p40 is structurally homologous to other class | cytokine receptors, consisting of
three domain$ D1 is an Nterminal Ig domain, while D2 and D&e fibronectin type lli
domains (Figre 1.12). As mentioned above, the intramolecular disulfide bonds differ
between the mouse and humanrl2p40 structures. In both human and mouse, there is a
disulfide bond formed between G&®O0 in D1. In the human Dthere are two bonds
formed between C13C142 and C17@193. Human D3 contains an additional
intramolecular disulfide bond between C30827. In both human and mouse D3 also

contains the highly conserved WSXWS md#f.

Figure 1.12. Structure of IL-12p40.The domains of IL12 (D1, the Ig domain, anc
the Fibronectin type 1l domains D2 and D3 are shown). The N & C termini
marked.Figure obtained from the Protein Data Bank ugip Copyright Center
Clearance #1120552.
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In addition to its roles as a component of the heterodimeric cytokines discussed in
section 1.2, IE12p40 can also be secreted as a monomer or a disulfide linked homodimer
(IL-12p80). Monomeric p40 is produced and secreted in response to a variety of stimu
As discussed above, of importance for the basis of this thesis, monoméa2p4D is
also released in great excess over what is used to form eitlier dc 1L-23 [11, 41]

(Figure 1.11). The L-12p80 homodimer has been attributed to having a blocking effect

on the activity of 1:12 as it binds to 1 2 Rb 1, with no [6llesul tant
However, of the IE12p40 that is released separately frorlBand [-:23, only a small
percentage is released as the homodimer, most is in monomerigHdrrs it is in such

excess, the role of the secreted monomer is of great interest. There have been conflicting
reports onwhether 11-:12p40 monomer acts in a similar inhibitory manner to the
homodimer. Treatment with recombinant12p40 monomer was shown to ameliorate
symptoms associated with experimental autoimmune encephalomyelitis (EAE), mediated

by IL-12 and I:23 [62]. Conversely, blocking H12p40 led to increased production of

| FNo in prostate cancer -dzdctivig [63].iHowkvec at i ng
bioactivity measurements of 412 showed that a ratio of monomer:homodimer of 95:5

had more active H12 than a 60:40 ratio with increased homodin@t]. A true

functional role of excess #HL2p40 monomer has yet to be elucidated and may be

convoluted depending on context.

1.3.2 1L-12p35

ThelL-12p35 genelll2a) is located on chromosome 3 in both mice and hurf&hs
38, 65] The mouse nucleotide sequence is about 67% identical to human, with the amino

acid £quence identity around 60%. All seven cysteine residues are conserved between
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the mouse and human and the human protein has one nglyedsylation sitg40]. The

gene consists of 7.1 kb and is made up of 7 exons and 6 if@8jr{Eigure 1.13)
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| IL12A >
- o ittt Q- m s —
IL12A mRNA
= EEEPEEFEY SRR PR E PR PP EEPEs SEERE B EEEPEEPEEEEREE >
IL12A mRNA
- W - W--01m------------- >
IL12A mRNA
P----====] Jll-----cccccccccccncen IE EEECLLLLLLEEET >
IL12A
W--------] M- ! EERYE EEETEEPEEEEEEE >
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M- R L ' PRI IE EETPPPPEPPPE >
IL12A
W-------- I PP PP PP EETPEEPE CERY PR PR EEEEEE 0O
signal peptide mature peptide

Human IL12a

B 7185 bp
| 68,600,000 ss,ﬁoz],lnlt;i 58,604,000 :>
B----- i---l--------meeeea-- B------- 11 SEREERLEITEELELEEL >
1112a mRNA
fmmm R B m------- FER----m e emmee e >
I12a
R B------- PR ----m-mmmmmeeaan >
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R TR m------- 1] R (3
122
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miscellaneous
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Figure 1.13 The IL-12p35 genetic locusThe genomic locus of human (A) and mouse (BJLRp35
(also known as I£12A orIL-12-alpha) genes are shawhighlighting exons that make up the transcr
(gray, with dashed lines indicating intronic regions) and éRen sequences encoding the prot
coding sequencged). Figure made using SnapGene.
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Like 1112b, expression ofil2a is found in antigen presenting cells, which allows for
the formation of 1:12; however/Jl12a is also expressed throughout many more tissues
and cell types including T and B cells for the formation B8, keratinocytes and tumor
cells [66, 67] (Figure 1.14). In response to microbial stimuli, upregulation Itif2a is
dependent on the NFaB pat hlldzayroducGon waso n t et
disrupted in eRel/- CD11¢CD8" DCs by 30 to 5@old following stimulation with
either S. aureusor CpG DNA. They further found that thiél2a upregulation was
dependent on-R e | and NFaeaB1l binding to a putative
upstream of the transcription start sj6S]. I n addition to this NFa
[112a promoter also contains two critical Spihding sites. These two sitese located
within a single nucleosome which undergoes remodeling during the inductitiRaf
expression[69]. Additionally, signaling through the p38 MAPkinase pathway is
necessary for the induction dfl2a as treatment with the p38 inhibitor SB 2885
decreased H12p35 mMRNA thredold but treatment with the Erk inhibitor PD 98059 had
no effect on expressiof#9]. C/ EBPb knoc k cavet sevengycimpaigedh a ge s h
production of 1-:12p35, indicating that in contrast #l2b, CEBPb pr omot es t
expression ofll12a [48]. Like 1112b, ll12a production is also subject to feedback
regul ati on. Accordingly, Liu et al found th
IRF1-/- macrophages are deficient itil2a production. IRF1 was further shown to
interact with the IRF element within thid2a promoter at-235 to-243 in relation to the
transcriptional start site. Unlik&€l2b, the expression df12ais dependent on IRF1 even

in the absence [ He Mz veti mulnattiikl has esence
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been shown to interact with TLR activated MyD88 in order to coorditida

expression71].

Three different mRNA isoforms can be transcribed. Unlikel2p40, whose
regulation is primarily at the level of transcription,-1Pp35 is also subject to pest
transcriptional regation. IL-12p35 mRNA can be repressed by the microRNA72].

In unstimulated cells that express1Pp35, the predominant isoforms have an additional
upstream ATG which inhibits H12p35 translatiori73]. The longest and dominant-IL
12p35 transcript encodes a 1.3 kb mRNA which translates into sar@b®acid
propetide[39] (Figure 1.13). Like IL-12p40, IL-:12p35 also contains a signal peptide
spanning the first 22 amino acidsowever, the 1E12p35 signal peptide is cleaved via a
two-step process. Upon entry into the ER, the propeptide is glycosylated and then
undergoes the first cleavage at a site within the hydrophobic region of the signal peptide,
resulting in a transient 31Dk preproteirf57]. This transient preprotein remains bound to
the membrane as it traverses the secretory patfitvdy While IL-12p35 is membrane
associated in the ER, 412p40 binds and promotes trafficking to the G¢ip]. In the
absence of 1112p40, 1L-12p35 forms nomative disulfide bonds in the ER, resulting in
IL-12p35 homodimers. H12p40 blocks the formain of these homodimer and promotes
proper IL-12p35 folding[76]. The remaining IE12p35 signal peptide is then removed by

a second cleavage process in the Golgi, which is dependent on a second, glycosylation
which is also further modified by the additiohsialic acid residues to continue through

the secretory pathwap7]. Both glycosylations on H12p35 are Ninked, occurring at

N73 and N107. Structurally, mature-I2p35 forms a fouhelix bundle, with two long

loops connecting helices M and GD, resulting in an wup-downdown topology.
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There are two intramolecular disulfide bonds, formed betweerG1846 and C858°123,
connecting the A loop to helix D and B, respectively. The region between-C856
form the disilfide bond loop, which makes many contacts with12p40 to form [1:12,

including C96 which directly forms the disulfide bond with C199 iflRp40[5].

1.3.3 IL-23p19

IL-23p19 is located on chromosome 12 in husnand chromosome 10 in mice
(Figure 1.15) The IL-23p19 genellR3a) is composed of 4 exons and 3 introns in the
human and mous#é23a is expressed in lymphotissues, as well as in the testis. Cellular
expression ofll23a is mainly restricted to monocytes and macrophages, with some
expression in B and T cells and spermatocytesu(Eif).15C). The upregulation ¢f23a
is dependent on several different pathwaysthin the promoter are consensus binding
sites for several transcription factors, including IRF3 and IRF7 binding sites lez&ted
to -731 and-533 t0-525, respectively, a SMAI3 site at-584 t0-581, an ATF2 site-
571 to-568 relative to the transr i pt i on al start, as wel |l as
locations, deletions in the IRF3, SMAR) ATR2 and NFaB sites | ed
reductions inl23a expression in RAW264.7 cel[g7]. ATF-2 upregulation ofl23a was
found to be dependent on the ERK MAPkinase pathway, as the ERK inhibitor U0126
decreasedl23a in response to TMEV infection of macrophages. Interestingly, inhibition
of the p38 MAPkinase pathway led to an increasell2z8a expression, indicating
activation of the p38 pathway may be a negative regulator of exprdgsiprinalysis of
t he N Fsbg EMSA tdetermined thatRel bound to two sites a®5 and-600bp.
Mutations of these sites completely abolishee28p19 promoter activity in response to

multiple TLR stimulationg79].
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IL-23p19 translation results in a 189 or 196 amino acid polypeptide in human and
mouse, respectively, resulting in mature prateiri 18.7 and 19.8 kDa. Similar to-IL
12p35, the first 21 amino acids make up a signal peptide, thougBpll9 is not actively
secreted. The human and mouse8p19 are 70% identical with key residues conserved
between the two, including 5 cysteine resd[80]. Unlike the other subunits discussed
thus far, 1.-:23p19 is not subject to PTMs. Structlly, IL-23p19 is similar to I1k6 and
IL-12p35. Despite sharing only 15% sequence similarity withap35, superimposition
of the two molecules shows 107 out of 133 residues are overlapping within the structure.
There are some key differences of noteMeetn the two molecules however-28p19 is
shorter than IE12p35 by 27 residues resulting in helices A, C and D being truncated by
two, one and two helical turns, respectively:12p35 also contains an 11 amino acid
disulfide bonded loop at the C terminend of the AB loop which forms multiple

contacts with 1L12p40. This is missing in H12p19[10].

A
56,336,000 56,338,000 56,340,000
[ 1238 >
W--mmmmmm e R R LT - - - - -
IL23A mRNA
- - - - -
IL23A mRNA
m--N-. )
IL23A
H--E-. P
B 1L23A
- - - -
signal peptide mature peptide
E 10007 5007
| 123a
I - - - - - - - - - | - -
11232 mRNA
- - - - -

Mouse IL23a
Figure 1.15 : The genomic organization and expression profile of H23p19.The genomic locus of
human (A) and mouse (B) {23pl19 (also known as {P3A or IL-23-alpha) genes are showr
highlighting exons that make up the transcript (gray, with dashed lines indicating intronic region
theexon sequences encoding the proteiting sequencéred).
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1.3.4 EBI3

The EBI3 genekbi3) is located on chromosome 19 in humans and 17 in the mouse
(Figure 1.16).Ebi3 was initially discovered in B cells in response to EpsBamr Virus
(EBV) infection[81] but has also been found to be expressed in Tregs, activated DC and
seveal tumor cells[82-84]. Ebi3 upregulation in DC is induced by engagemeith
TLR2, TLR4 and TLR9 in an MyD88 dependent manneEli8 expression was reduced
or abrogated in these knockoy85]. The Ebi3 promoter contains several consensus
binding sites. In the humd&bi3pr omot er, there are two NFaB b
from -99 t0-84 relativeto transcriptional start site which is not conserved in the mouse,
and one locatd from -331to -319 that is shared between the human and m[@&e
NFaB p5 0 saiy dor Ebig exgression in BMDCs, however B cells from p50
knockout mice were unaffected, indicating other methods of regulation in B cells. There
is also an Ets sitat -77 relativeto the transcriptional start site where PU.1 binds and

synergizesupregquat i on act i[8)ty with NFaB

Translation of the EBI3 mRNA results in a 34 kDa protein that is 229 amino acids
long (228 in the mouse), with the first 20 amiaoids comprising a signal peptide. As
with mostother family member subunits discussed thus far, EBI3 is also subject to post
translational modifications. There are twelihked glycosylation sites on EBI3 that are
conserved in the mouse and human at N&b 105 and N54 and N104 in humans and
mice, respectively. EBI3 shares both sequence and structural homology with the -other IL
12 f a-subunily IL-X2p40. The amino acid sequences of EBI3 aniidp40 are 27%
identical, conserving two pairs of cysteiresidues at positions 35, 46, 79 and 89 as well

as the WSXWS sequen¢@l]. Strucuturally, EBI3 is composed of two fibronectin type
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[l domains, lacking the Nerminal Ig domain that H12p40 contain§87]. Also like IL-

12p40, EBI3 can be secreted as a monomer in both human and mouse or it can bind to its

partners 11:12p35 orlL-27p28 to form 135 or IL-27, respectively.
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I ............ . .............. - .......... - ................ .’
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B------- - - _ EEFEEEEEEEERPY -,---------- - »
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| EEPPEEEEEEEE SEEPEEEEEEEERPY m---------- W----mmmmmmm O
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signal peptide mature peptide
B----m e -----p
Ebi3
Mouse EBI3
4400 bp

Figure 1.16 The genomic organization and expression profile of EBI3The genomic locus of
human (A) and mouse (B) EBI3 genes are shown, highlighting exons that make up the transcrig
with dashed lines indicating intronic regions) and &x®n sequences encoding the protein cod

sequencéred).
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1.3.5 IL-27p28

IL-27p28 is located on chromosome 16 in humans and chromosome 7 in mize (Fig
1.17). The 1L27p28 gene lR7a) is expressed mainly by macrophages and DCs
following an encounter with a pathogdl27a upregulation has been shown in response
to several different TLR stimuli including TLR3, TLR4, and TL[8B, 89] Downstream
of TLR stimulation, expression df27a is controlled at the promoter region by several
transcription factors. There is a consensus IRSE locatl to -48 relative to the
transcriptional start site which IRF3 is required to bind for the upregulatiti2 &z in
response to LP{R0]. IRF1 was also fouhto be involved in the upregulation in response
to LPS while IRF9 was shown to be necessanyi®ta upregulation following stimulus
with poly(l:C) [91]. Regulation ofll27a expression can also occur through the
complement system, as C5a engagement with the C5aR2nhpktoducing macrophages

suppresseti27a following LPS treatment but not treatment with poly (1[83].

Translation of 1-:27p28 results in a 243 or 234 amino acid polypeptide in the human

or mouse, respectively, with 73%qgsence identity between the two. Humar2Ip28 is

not N-glycosylated but has severaldlycosylation sites. Mouse 1R7p28, however,
contains an Nylycosylation site at N85. In the loop region between helix C and D, IL
27p28 contains a unique stretch dadgatively charged amnio acids, made up of 13
glutamic acid residues in the human and 14 negatively charged residues, most of which
are also glutamic acid, interrupted by one lysine residue in the n@RiséA third key
difference between the mouse and huma27p28 amino acid sequence is an additional
cysteine residue at 158. In the mouse, this cysteine residue is involved in an

intramolealar disulfide bond which induces structural change allowin@1p28 to be
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secreted as a monomer. In the humanr2Tp28 is retained in the ER until EBI3 binds

and it can continue along the secretory path{9ay.

There are implicated roles for427p28 in several different autoimmune diseases in
humans. Polymorphisms withii27a have been shown to be associated with increased

susceptibility to asthma, inflammatory bowel disease and rheumatoid af@is§].
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Figure 1.17. The genomic organization and expression profile of p2&8he genomic locus of huma
(A) and mouse (B) p28 (also known as2l-alpha) genes are shown, highlighting exons that mak
the transcript (gray, with dashed lines indicating intronic regions) lamelxon sequences encoding tl
protein sequencg@ed).
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1.4.Formation of the heterodimeric cytokinesi a key advance from this thesis

Our current understanding of-l.2 production (prior to work described in the lead up
to this thesis) is that cells @xpress IE12p40 and IE12p35 togetherni responsedo
microbial pathogensAs mentioned in section 1.3.2,-I2p35 is retained in the ER in a
non-native form until [.-:12p40 bindsIL-12p35 binds IE12p40 through the H12p35
AD helical face as well as the disulfide bond ld@jgure 1.18) These make cortta
against the 112p40 D2 loops 1 and 3 and D3 loops 5 arfde® Figure)The interchain
disulfide bond forms between {12p40 C199 and H12p35 C96, though this is
dispensable for proper secretion of1R. Rather, the critical contacts betweernlRp40
and IL-12p35 are a group of charged residues on both molecules which facilitate binding.
There are several positively charged residues oh2i35 that interact with a deep,
hydrophobic binding pocket formed by loops 1, 3, 5 and 6 e12p40. Some key
contacts within this pocket include 412p35 R211 and R34 with 112p40 D312 and
E203, respectively. If these side chains are mutated into other charged resiel@s, IL
binding and secretion can still occur at a reduced level but without the charge, binding

and secretion does not ocghf.
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Figure 1.18. Assembly of Il-:12p75 highlighting critical interactions between subunits(A) The
docked model of [E12p35 (pink) with [1-:12p40 (blue) (B) and (C) Criticahteractions in the docking
site are highlighted and discussed in the t&igure obtained fronj5] under Copyright Clearanct
Center #1120554.

Similar toIL-12 formation, 1:12p40 D2 loops 1 and 3 and D3 loops 5 and 6 are
involved in the interface with H23p19 (Figire 1.19). The intermolecular disulfide bond
is formed between H12p40 C199, located at the top of the interface in D2 loop 3, and
IL-23p19 CB located on the A loop. 18 residues of 23p19 and 14 residues of-IL
12p40 are located in the interface between the two molecules, forming the same pocket
around 1-:12p40 D312 seen in #12. IL-23p19 R180 acts as the equivalent arginine
residue to 1L12p35 R211. Despite these shared residues in the interactions between IL
12p40 with 1L-:12p35 or I:23p19, there are several key differences in hovil2p40
binds IL-23p19. The interactions surrounding R211 are almost entirely different
compared to 1E12p35. Superimposition of the two structures shows thal3pl9 is
rotated toward the D2 domain of-12p40. Topdown superimposition shows that-IL
23p19 is also tilted toward #L2p40 more than H12p35 is. This results in opposite close

interactions betweerhé two molecules, with the-Mrminal domain of helix D and-C
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terminal domain of helix A of I£23p19 interacting more closely with-12p40, whereas
the Gterminal domain of helix D and the-términal domain of helix A on H12p35
have the closer contact&s mentioned in section 1.3.3, one of the key structural
differences in 1:23p19 and IE12p35 is the lack of the disulfide bonded loop at the C
terminal end of the A loop. This loop interacts heavily with loops 3 and 5 ofLlRp40

in their interaction$10].

Figure 1.19. Assembly of 11-:23 highlighting critical interactions between subunits(A) The docked model of
IL-12p19 (pink) with [:12p40 (blue) Critical interactions in the docking site are highlighted (B) Rotated vie
the ribbon model showing p19 daol. (C) Enlarged view showing docking interactions discussed in the
Figure obtained froniLl0] under Copyright Clearance Center #5073220786607.

IL-27 forms without a disulfide bond between-27p28 and EBI3 (Figre 1.20). The
interface between the two subunits is composed of hydrophobic interactiops. Ke
residues involved in the formation of-R7 include W97 of IE27p28. W97 contacts F97,
L96, T209 and D210 on EBI3. Structurally, the arrangement of IL27p28 binding to EBI3
is similar to that of other family members in that the fourth helix e2Tp28 catributes
to most of the interface with EBI3. However, the global arrangement of the subunits is

slightly different from other members, with-B7p28 being slightly rotated and shifted
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when compared to H12p35 and IE23p19 binding to IE12p40 to form 1:12 and 11-23,

respectively{8, 97].

Figure 1.20 Assembly of IL-27 highlighting critical interactions between subunits(A) The docked
model of p28 (green) with EBI3 (pink) Critical interactions in the docking site are highlighted (B
(C) Enlarged view showing docking interactions discussed inetkteRigure obtained fronB].
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The assembly of the remaining family members38, IL-39 and IL-Y is not known
in detail as discussed for the previous three. It is known, however, H3& if formed
without a disulfide bond between EBI3 and1Rp35. Of particular note for B85, Jones
et al mutated several sites on1Rp35 that are invokd in the interface with H12p40
for the formation of 112 to determine if they were also involved in the formation ef IL
35. Mutation of R185 and Y189, which are necessary fetdldimer formation, had no
effect on the formation and secretion 0f3B, nor did mutation of nomssential residues
on IL-12p35 which are in the H12 interface. Further studies investigating key residues
on EBI3 based on H27 formation revealed similar results, indicating thatLRp35 and
EBI3 may associate with one anothara way that is dissimilar to the rest of the

interactions between family membé¢es].

1.5.The IL-12 cytokine receptors

Like the cytokines themselves, the receptors they signal through are also
heterodimeric and share subunits (Fg1.5). IL-12 and 11-23 signal through receptor
complexes made up of IL2 Rb 1  wii2tRhb 21 -B8R, redpéctively. The 7
receptor complex is made up of W8Xand gp130. I1£35 and 11-39 receptor signaling
are boh intriguing among the family. H3 9 , despite uvsubunitgpaiedl 3 as |
with p19), signals through HL 2 Rb 1 -23R{35].11L-35 can signal through four
different receptor combinations IL-1 2 RbI2+/1 2 Rb 2-1 2 RbL2 FIWHX

12Rb2/gp130 d99. gp130/ gpl30

Cytokine interactios with their receptors induces rapid tyrosine phosphorylation of
the receptors, indicating tyrosine kinase activity for signal transductionir@ig21).

Most cytokines signal through a specific family of tyrosine kinases, the Janus kinases
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(JAKSs), of whid there are four membeisJAK 1, JAK2, JAKS3, and TYK2. Receptor
binding results in recruitment of JAKs to the receptors and phosphorylation of JAK
molecules, resulting in their activation. Ahat point the JAKs will phosphorylate
tyrosine residues on theeceptor. Phosphotyrosine residues on the receptors serve as
docking sites for other signaling molecules, in this case, the signal transducer and
activator of transcription (STAT) proteins. There are seven STAT proteins in mammals,
STAT1, STAT2, STAT3, SAT4, STAT5a, STAT5b and STAT6. STATs dock to
phosphotyrosine residues on activated receptors via their SH2 dotdpon binding to

the receptor, the STATs get phosphorylated by the JAKs. Phosphorylation induces
dimerization of the STAT molecules which d@hen able to translocate to the nucleus to
induce transcriptiofil00]. The IL-12 family of cytokines signals through this JAJTAT
pathway, using different combinations of JAKs and STATs to promote transcription of

different genes.

As stated previously, H12 signals through the heterodimeric receptoilefl 2 Rb 1

and Ik1 2 Rb 2, expressed duol 1RjiLA 2 Rb&nd sNKodelelxpr
in napuve T cells but gets upregul aplG8d f ol | ov
104]. To initiate signaling, 1E12p35 contacts H12Rb2 and IL-12p40 contacts the L

12Rb1 subunit[101, 105] Signaling is mediated through4L 2 Rb1 associ ati on
phosphorylation of TYK2, while 1 2 Rb 2 act i[t08]tle-32 RPAKX 2cont ai ns
three tyosine residues which allow for STAT4 docking when phosphorylftéd).

Subsequent tyrosine phosphorylation of the STAT4 proteins byJ&is induces
homodimerization. STAT4 homodimers are the primary signaling molecules {02, IL

though phosphoryladn of STAT1, STAT3 and STAT5 also occufs08, 109] The

41



phosphorylated STAT4 homodimer translocateshe nucleus of the cell and promotes

the transcription of the type one effector response molecules, narbey™ and | FNo.

IL-23 also uses H1 2 Rb 1 ; however , -28R[110].dL-2D iatéracte d wi t h
with its receptor in a mannsimilar to IL-12 [111]. The IL-23R subuit is expressed in
bot h Ub an[dl2)oFbr IL23 gigealing,sl-k1 2 Rb1 al so phosphoryl
activates TYK2 and 23R is associated with JAK210]. Unlike IL-12, IL-23 signaling
results in the recruitment and phosphorylation of STAT3, leading to gene expression

upregulation of Th17 associated genesluding IL-21,1L-1 7 an d [1BARY t

IL-27 signals through gp130 and-B.7 RU ( al s o kilnoo WACR)als WS X
27RU is similafl2Rblstausbur aclkislnlig2d7ariU | g do
expressionis found in naive and memory B cells,-4L activated macrophages and
effector and memory but not naive T c¢ll46-118], while gp130 is expressed on most
cell types[119]. For signal transduction followinIL-27 binding, I-k2 7 RU has t wo
tyrosine residues that can be phosphorylated in humans (three tyrosine residues in mice)

[115]. The intracellular portion of gpl30 contains five tyrosine residues available for
phosphorylation. Phosphorylation of both receptor subunits recruits JAK2-207IIR U

and JAK1 to gp130. This induces the phosphorylation of STAT1 and STI®D3 121]

IL-35 is unigue among the family members as it can signal through at least four
different receptor combinations. The primary receptor chains used®y dte Il-:1 2 R b 2
and gp130When IL-35 signals through the heterodimeric combination ef IR Rb 2 and
gpl30, JAK2 and JAK1 are phosphorylated, respectively. STAT1 proteins are recruited
and phosphorylated on gpl130, while STAT4 is recruited td 2 Rb 2 , resul ting

STAT1:STAT4 hetevdimer that translocates to the nucleus to modify gene expression.
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IL-35 can also signal via homodimers of either gp130 et R R b 2 , with the
signal transduction pathways only activating STAT1 or STAT4 homodjmers
respectively Signaling throughthe homodimeric receptors still results in T cell
suppression, however the induction of iTregs requires signaling through the
heterodimeric receptd®9]. On B cells, 1-35 can also signal through heterodimers of

IL27RU almdRbl2L, medi at ed DbIR2JSTATL1 and STATS3
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proteins and activate distinct combinations of STATs
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1.6.Hypothesis and specific aims of this thesis
Based on the data discussed at length in this introduction, the central hypothesis of

this thesis is thaReleased IE12p40 monomer acts a sentinel molecule, binding with

different partner proteinsfrom DCs as well as nehematopoieticcells to requlate

differentiation ofT cellresponses

We evaluated this hypothesis through the following aims:

1.6.1. Specific aim 1Evaluate théhypothesis that both.-12 subunitsre necessary for
eliciting | FNo rWeapalyred eesponses io-i2 déficieate | | s .
animals in several different experimental models in order to establish infections in
which IL-12 was necessary for future studies. These experiments and results are
discussed in Chapter 3.

1.6.2. Specific aim 2Evaluatethe hypothesis thatsaembly of 1£12 from two distinct
sources results in functional cytokindsing the experimental models set up in
Chapter 3, wedreated p40- animals with rp40 and used mixed bone marrow
chi meras to show i ndulularifomed Ie-I2. Thd&sS&No f r om
experiments are discussed in Chapter 4.

1.6.3. Specific aim 3:EEvaluate the cellular source and functional significance of-two
cell IL-12 in response to Leishmanigollowing up on validating the hypothesis
in specific aim 2, we furthezharacterize the importance of the newly discovered
pathway of I-:12 assemblyin viva. Using bone marrow chimeras set up with
lethal or suHethal irradiation, weletermine the cellular source of both12p40

and 1L-12p35 for the formation of twoell IL-12. We also investigated the
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1.6.4.

biological significanceusing clearance of a subcutanedusmajor infection.
These data are discussed in Chapter 5.

Specific aim 4:Evaluate the hypothesis th#t-12p40 when bound to CD5L
identifiesa new cytokine activityThrough a variety of molecular biology and
immunological methods, we tested the presence ofGi3BL in vivoin a variety
of contexts as well as analyzed the function of-g4IbL when treated on T cells.

These experiments are dissed in Chapter 6.

46



Chapter 2: Materials and Methods

Cell Culture

Primary murine thymocytes and T cells were maintained in REOMD (Gibco)
supplemented with 10% FCS (Gemini), 1% glutamine (Gibco), 1% antHaintimycotic
(Gibco), and0 . 0 0 0 O-rhefc#ptodthanol referred to as T cell media (TCRY3IX
cells were obtained from ATCC and maintained in DMEM (Gibco) supplemented with
10% FCS (Gemini), 2% glutamine (Gibco), 1% sodium pyruvate (Gibco), and 1%

antibiotic/antimycotic (Gibco) refred to as complete DMEM (cDMEM).
Parasites

A stable transfected line @f. major promastigotes expressing a red fluorescent protein

was generated as described previo(isB3]. Briefly, the DsRed gene was amplified by

PCR using the pCM\DsRedExpress plasmid (BBiosciences/Clontech) as a template

and cloned into the Spel site of the pKSNEO Leishmania expression plasmid.
Promastigotes were transfected with the resulting expression plasmid construct
[PKSNEODs Red] and selected for dGemeteh@G4l8)n t he p
(Sigma). The resulting parasites are referred to. asajorRFP.L. majorRFP fluoresces

brightly and grows and infects flies and mice normally.
Mice

Wild type mice were obtained from both the Jackson Laboratory (C57BL/6J and B6.SJL
PtprcdPepé/BoyJ) and Taconic Biosciences (B6NTac and B6-Btjiré/BoyAiTac). B6
mice were bred for dual congenic expression using a dam or sire from opposing place of

purchase to eliminate any strain drift between the two wild type strains2@dd0/-
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(B6.129SH112bt™MJ) and 11-:12p35/- (B6.129SH112at™V]J) were sourceffom the
Jackson Laboratory. H12p4G/- mice were backcrossed to wild type mice (B6-SJL
PtpréPepé/BoyJ) to generate CD45.1 congenic-1Pp40/- mice. SMARTA TCR
transgenic mice were obtained from Jackson Laboratories (B®y@gPepé
Tg(TcrLCMV)1Aox/PomJ). For all experiments, both female and male mice between 4
and 35 weeks of age were us@dsummary of animal strains used and the abbreviations
used to refer to them throughout this thesis are in TableAaiinals were bred and
maintained under spéic pathogen free (SPF) conditions at the University of Maryland,
Baltimore. Experiments were performed with animals at least four weeks of age for bone
marrow isolation and six weeks of age for all other experiments and approved by the

University of Maryand, Baltimore Institutional Animal Care and Use Committee.

Table 2.1. Mouse model genetic strain and designation

Mouse Genetic Strain Description Abbreviation Used
C57BL/6J Wild-type B6 animal B6
B6.SJL-PtpréPepé/BoyJ Wild-type B6 animal B6
B6NTac Wild-type B6 animal B6
B6.SJL-Ptpré/BoyAiTac Wild-type B6 animal B6
B6.129S1112btmIMJ Animals with the p40 subunit g I1L-12p4G/-
IL-12 knocked out
B6.129S1l12atmM] Animals with the p35 subunit g 1L-12p35/-
IL-12 knocked out
B6.Cg-PtpréPepé CD4+ TCRtg specific for| SMARTA
Tg(TcrLCMV)1Aox/PpmJ LCMV peptide
B6.129S2Tcratm1Mom/J Animals lack expression of TC| T C R KB
alpha and beta chain whig
prevents T cell development
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Generation of bone marrow chimeras

Femurs and tibias were taken from CD4812-12p4G/-, CD45.1 IL-12p406/-, CD45.2
IL-12p35/- and CD45.1CD45.2 B6 mice. The bone marrow was flushed out with a
syringe and passed through a 100pm nylon mesh to generate a single cell suspension in
1X PBS supplemented with 5% FCS. Red blood cells were removed from suspension by
Ficoll Paque Plus density gradient. Cells weeshed twice and resuspended at 50% 10
cells/ml. Recipient IE12p4G/- and IL-12p35/- mice were irradiated with two doses of

600 rad before 5 xfObone marrow cells were transferred ikhe mice rested for 6

weeks for cellular reconstitution.

Preparation of soluble Leishmania antigen

Soluble Leishmania antigen (SLA) was prepared fromltaggohase promastigotes bf

major after several passages in liquid culture. Promastigotes weresked and counted

and adjusted to 2x®@romastigotes/mL. The promastigote suspension was washed three
times in 5 mL sterile, cold phosphdiaffered saline (PBS). The suspension underwent
five cycles of flash freezing in LANand thawing followed by a ceifugation at 8,000 x g

for 20 minutes at 4°C. Supernatant containing SLA was collected and protein

concentration was determined by BCA assay (Pierce).

Leishmania infection of animals

L. major-RFP promastigotes were grown at 25°C in medium 199 (Gibc@lesupnted
with 20% heainactivated FCS, 15 mM HEPES, 0.1 mM adenine (in 50 mM HEPES), 5
e g/ ml hemin (in 50% triethanol amine), and

media). Infectivestage promastigotes (metacyclics) were isolated from stationary

49



cultures using peanut lectin agglutinin. Mice were infected in the footpad dermis With 10
met acycl i c pr omast igguge 1&2seedler Infecioa Wwas menitoreqgg a
every 34 days by caliper measurement of lesion swelling. To characterize omfesite
leukocytes, footpad dermal tissue was digested in 1mL 2.5 mg/mL Collagenase D
solution in complete RPMI at 37°C for 2 hours and filtered through a 70um filter. For in
vitro re-stimulation, cells were incubated in T cell media alone or separattiy5@jg

SLA for 48hours

Adoptive transfer and antigen challenge

Lymph nodes were isolated from SMARTA Ta@®& and mechanically dissociated by

mashing tissues t hrough 70e M nyl on me s h .

suspension using Ficoll Paque Ptlesisity gradient. Cell suspension was further enriched
for CD4+ T cells using Dynabeads Negative Selection. 100,000 cells were transferred
into recipient animals and 24 hours later were challenged with 25ug LCMa{s6P
peptide (Anaspgcand 5ug LPS or PBS as a control. Spleen tissue was isolated 5d post
challenge and analyzed via flow cytometry for SMARTA cell numbers. Cells were set up
for in vitro rechallenge inTCM alone or doses of LCMV Glego peptide (1pg, 3ug,
10ug), normalizedo SMARTA cell numbers, and analyzed B8urs later for cytokine

production.

Tissue preparation

Single cell suspensions were prepared from the draining popliteal lymph node, non
draining popliteal lymph node, and spleen by dissociation and passage tA@ugh

nylon mesh. Lymphocytes were isolated for characterization from the liver, lung and
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footpad lesions through digestion in ImL 2.5 mg/mL Collagenase D solution in T cell

media at 37°C for Bours followed by crushing through a 40um cell strainer.

Intracellular stain and flow cytometry analysis

Single cell suspensions from tissue preparation westimailated with 100ng/ml PMA

and 1pg/ml lonomycin in T cell media for 2 hours at 37°C and treated with 10ug/ml
Brefeldin A (eBioscience) for an additiah4 hours at 37°C. For staining, Fc receptor
blocking was performed for 15 minutes at 4°C in 1X PBS supplemented with 2% FCS,
0.01% azide, and 1% of each mouse, hamster and rat serums (Fc Block). Surface staining
was performed for 30 minutes at 4°C in PB#plemented with 2% FCS, 0.01% azide
and 0.02% EDTA (FACS Buffer) using the antibodies listed. Cells were washed once
with FACS buffer. Cells were fixed and permeabilized in BD Cytofix/Cytoperm solution
for 20 minutes at 4°C, followed by an overnightubation at 4°C in 1X eBioscience
Fixation/Permeabilization Solution. Intracellular staining was performed using the
antibodies described above in 1X eBioscience Permeabilization Buffer for 1 hour at 4°C.
Stained cells were washed twice with 1X eBioscieReemeabilization Buffer followed

by an additional two washes with FACS buffer. Cells were analyzed on the BBILSR
cytometer and all data was analyzed using FlowJo (BD Biosciences). Antibodies used in

these experiments are listed in Tabl2

Table 22. Antibodies used in flow cytometry experiments

Antibody Fluorochrome Company Clone Concentration Catalog #
7AAD -- Biolegend -- -- 420403
B220 eFluor 450 eBioscience RA3-6B2 1:200 48-045282

PE BD Pharmingen RA3-6B2 1:200 553090

CD4 BV605 Biolegend GK1.5 1:500 300555
eFluor 450 eBioscience GK1.5 1:200 48-0041-82

PacBlue Biolegend GK1.5 1:200 100427
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Table 2.2 contiued

cbsuU V500 BD Horizon 536.7 1:100 560776
CD8hb BV650 Biolegend H3517.2 1:500 740552
FITC eBioscience H35-17.2 1:200 11-008085
CD11b PECy7 Biolegend M1/70 1:200 100215
CDllc eFluor 450 eBioscience N418 1:200 48-011480
CD44 PECy7 Biolegend IM7 1:200 560569
PerCRCy5.5 Biolegend IM7 1:200 103030
PE BD Pharmingen IM7 1:200 553134
CD45.1 AF488 Biolegend A20 1:200 110718
FITC eBioscience A20 1:200 11-045382
AF700 BD Pharmingen A20 1:100 561235
CD45.2 APC eBioscience 104 1:200 17-045482
PE-Cy5.5 Invitrogen 104 1:200 35045482
CD62L AF700 Biolegend MEL-14 1:100 104426
PECy7 Biolegend MEL-14 1:200 104417
GhostDye Red780 Tonbo - 1:1000 13-0865T100
GhostDye Violet450 Tonbo - 1:1000 13-0863T100
GhostDye Violet510 Tonbo - 1:1000 13-0880T100
H-2Kb FITC eBioscience AF6-88.5.5.3 1:200 11-595882
Il FNo FITC BD Biosciences XMG1.2 1:100 554411
APC eBioscience XMG1.2 1:100 17-731182
PE eBioscience XMG1.2 1:100 12-7311:-82
IL-4 PE Biolegend 11B11 1:100 504104
AF488 BD Pharmingen 11B11 1:100 557728
IL-10 PerCRCy5.5 Biolegend JES516E3 1:100 505028
PECy7 Biolegend JES516E3 1:100 505025
IL-17A APC Biolegend TC11-18H10.1 1:100 506916
Pacific Blue Biolegend TC11-18H10.1 1:100 506917
LiveDead NearIR Invitrogen -- 1:1000 L10119
Aqua Invitrogen -- 1:1000 L34963
Violet Invitrogen -- 1:1000 L34965
MHCII PE eBioscience M5/114.15.2 1:200 12-5321-82
NK1.1 PE Biolegend PK136 1:200 108708
NK1.1 eFluor 450 eBioscience PK136 1:200 48-5941-82
RORO t PE eBioscience B2D 1:100 12-6981-82
APC eBioscience B2D 1:100 17-6981-82
T-bet Bv421 Biolegend 4B10 1:100 644815
PECy7 eBioscience 4B10 1:100 12-582582
AF657 BD Pharmingen 4B10 1:100 561264
PE BD Pharmingen 4B10 1:100 561265
TCRb BV510 Biolegend H57-597 1:200 109233
CyChrome BD Pharmingen H57-597 1:200 553173
FITC eBioscience H57-597 1:200 11-5961-82
AF700 eBioscience H57-597 1:100 56-5961-82
TCRV U2 FITC BD Pharmingen B20.1 1:100 553288
eFluor 450 eBioscience B20.1 1:100 48581282
TCRV b 8. PE BD Pharmingen 1B3.3 1:100 553664

52




Parasite quantificatiorby limiting dilution

Parasite load was quantified through limiting dilution. Tissues were processed as
described above and homogenate was plated in triplicate in seffialidldilutions in 96

well round bottom plates (Corning) containing Leish media. Plates were incubated at
25°C for 10 days, at which point the number of viable parasites was determined
microscopically. Total parasite burden was calculated from the highest dilution at which

promastigotes could be detected.

Cytokine production quantification

Tissue samples were processed as described above and single cell suspensions were
plated in triplicate in 9avell plates (Corning). Levels of #L 7 A and I FNOo
supernatants were assessed by sandwich enrliaykeel immunosorbent assay (ELISA)

by using the RadySET-Go! systems (eBioscience).-12p40, I.-:12p70, IL-:2 and IL-4

were measured using Quantikine ELISA systems (R&D Systems).

Live parasite analysis by flow cytometry

Animals were infected as described above and the infection allowed to proceed for 22
days. At the endpoint, tissues were harvested and processed as described above in
preparation for flow cytometry analysis. Once tissues were in single cell suspension,
surface staining was done in 1X PBS at@S5or 10 minutes followed by propidium

iodide (Sigma) staining at 10ug/mL in 1X PBS for @inutesat 25C in the dark. Cells

were analyzed on the BD LSIRcytometer and all data was analyzed using FlowJo (BD

Biosciences). Antibodies used for this experiment are listed in Table S1.
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E.G7-OVA infecton of animals

E.G-OVA T cell lymphoma cells (ATCC) were maintained and passaged in T cell
media as described above. Cells harvested from culture were resuspended in 1X PBS at 2

x10cells/mL.50¢ L of cell suspension was injected |

Digestion of tumor tissue for flow cytometry analysis

Tumor mass was dissected from mice and placed in a dish with cold 1X PBS. The tumor

was minced with scalpels and digested in 1mL 10Xdriplenzyme mi x (100c¢
Collagense IV (Sigma), 10mg/mL Hyaluronidase (Sigma), 2,000 U/mL DNase IV

(Sigma), 8% HBSS in 1X PBS) with 9mL T cell media af@7#or 45 minutes ora

shaker. Digested tumor tissue was pashed th

single cell suspension which was then processed as described in other methods above.

Proliferation dye labeling

T cells were labeled witheM Cell Trace Violet (CTV) in PBS supplemented with 0.5%
FCS in a 37C water bath for 12 minutes. The cells wdrent washed with neat FCS to
guench the labeling reaction and resuspended in crushing buffer, 1X PBS or TCM

dependent on assay.

Transfection of 293X cells with p4TD5L

293X cells were cultured and maintained in DMEM prior to transfection. 24 hours before
transfection, 293X cells were harvested via trypsin and plated in 10cm dishes at a density
of 2 x 1@ cells/mL. Prior to transfection, DMEM was removed from plated 293X cells

and replaced with OptiMEM media (Gibco) and allowed to rest &€ 3Transfectiorof
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25¢ g «D5L plasthid was carried out using Lipofectamine 2000 (Thermo Fisher).

Transfection efficiency was verified by GFP expression 24 hours later.

P40-CD5L purification

Supernatants from 293X cells transfected with -@4IbL were collected and
concentrated using Vivaspin 100 (MilliporeSigma) and centrifugation at 5000 rpm for 10
minutes. Concentrated supernatants were dialyzed against column wash buffer (50 mM
Tris, 150 mM NaCl, pH 8.0). Dialyzed supernatant was loaded onto-lant?p40
(C17.8) affinity columns. Purified p40D5L was eluted from the column in fractions

using 50 mM glycine pH 2.2.

Western blot

Sampleswvere combined with 2x Laemmli sample buffer (Btad), boiled for 10 min,
and rested on ice for 3 mitesbefore loading onto NuPagel2% BisTris 1.5 mm
protein gel (Invitrogen) or hampoured 10% polyacrylamide gels using the TGX
FastCast Acrylamide kit (Bi®kad). Additionally, SeeBlue Plus2 Prestained &&ad
(Invitrogen) was loaded as a size marker. Gels were transferred to 0.45 um pore
nitrocellulose membrane (Novex) using a TransBlot Turbo-f@ad, 25 V for 20 min).
Blots were blocked using 5% Blotto (SantaCruz) forobrhat room temperature. Blots
were then incubated wittbiotinylated antlL-12p40(C17.8; 1:1000) (Thermo Fisher)
antibody overnight at 4°C. Following washing, blots were incubated stigéptavidin
HRP (1:2000) (Thermo Fishefdr 1 hour at room temperature. Blots were then incubated
with SuperSignal WedRico PLUS chemiluminescensubstrate (Thermo Scientific) and

visualized with ChemiDoc MP Imaging System (8tad).
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P40-CD5L immunization and generation of monoclonal antibodies

Two IL-12p4G/- mi ce wer e I mmuni zed pdGCm5SL preteirt h 5¢g
emul sified 1 n equal vol ume of compl ete Fre
boosted every three weeks with pd@D5L emul si fied in incompl et
(Sigma). Al i mmuni zations wer e mdicenvere i n a t c

bled via submandibular veins to quantify antibody titers in the serum 6 weeks after initial
immunization. Final boosts of p40D5L in 1X PBS were done i.p. and i.v. 4 and 2 days

before the spleen retrieval, respectively. Splenocytes were hatyvestshed and fused

with Sp2/ 0 X63 myel oma -HYedybridomauks. iFsllgving he C1l o
fusion, hybridoma cells were rested for 24 hours before being resuspended and plated in

96 wel |l pl at e sHYwiquidhHAT hybridoan& eelettiéh mediu and

allowed to propagate for 10 days at 5%GD 37C. After 10 days, supernatants from

wells that contained colonies were screened for mAb production.

Monoclonal antibody ELISA screening

Hybridomas were screened using ELISA for activity against@B8L, p4335 or CD5L
protein. 96 wel | | mmul on 2HB plates (Ther mo
diluted in 50 mM carbonate coating buffer, pH 8.8 and incubated overnight aPlates

were blocked in 0.25% Ig free BS in 1X PBS for 1 hour at room temperature. After three

washes with 0.05% Twee20 (Biorad) in 1X PBS, supernatant from the hybridoma

colonies was incubated on the plates, for 1 hour at room temperature. Following three

more washes, plates were incubated with HE&fjugated goat anthouse IgG (Bie

Rad) diluted 1:2000 in 1X PBS for 1 hour at room temperature. The plates were then

washed an additional three times before being developed with TMB substrate solution
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(Thermo Fisherfor 15 minutes before the reaction was stopped with an equal volume of
2M H2SQy. Absorbance at 450 nm was determined for each well using the Synergy HT

plate reader and Gen5 software (BioTek).

Purification of mAbs

Supernatants were collected from hybndo cultures and centrifuged at 10,000 x g for

10 minutes to remove cells and debris. Resulting supernatants were then loaded onto
packed Proteh®s Sepharose columns and incubated for 10 minutes at room temperature
before opening the flow valve. The columas washed with 20mM sodium phosphate

pH 7.0 twice before elution with 100 mM glycHCl, pH 2.7. Elution fractions were

collected into t ubesHG, pHotOdor neutraligatioh.0 0 el of 1M

Detection of p44CD5L via ELISA

Serum or supernatanbntaining p48CD5L were screened using the mAbs in an ELISA.

96 wel | | mmul on 2HB plates (Thermo Fisher)
7E12 or antiCD5L (Santa Cruz) diluted in 50 mM carbonate coating buffer, pH 8.8 and
incubated overnight at°@. Plates were blocked in 0.25% Ig free BS in 1X PBS for 1

hour at room temperature. After three washes with 0.05% T2@dBiorad) in 1X PBS,

cell culture supernatant or serum diluted in 1X PBS was incubated on the plates, for 1
hour at room temperatur&ollowing three more washes, plates were incubated with
biotinylated antilL-12p40 (C17.8) (Thermo Fisher) diluted 1:1000 in 1X PBS for 1 hour

at room temperature. Following an additional three washes, the plates were incubated
with StreptavidiRHRP (Therno Fisher) diluted 1:2000 in 1X PBS for 1 hour at room

temperature. The plates were then washed an additional three times before being
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developed with TMB substrate solution (Thermo Fisher) for 15 minutes before the
reaction was stopped with an equal voluaie2M H.SQi. Absorbance at 450 nm was

determined for each well using the Synergy HT plate reader and Gen5 software (BioTek).

In vitro restimulation with cytokines

Splenocytes harvested from adoptive transfer animals were analyzed via flow cytometry
for the proportion of transferred SMART#g T cells. Numbers of cells plated for
restimulation were normalized to IBMARTA-tg T cells. T cells were restimulated in

96 well round bottom pl ates ( Cauwonandaither i n
10ng/ml, 30ng/ml or 100ng/ml purified cytokine stimulations. The cells were incubated
at 37C for 48 hours before the supernatant was collected for ELISA analysis and the

cells were harvested for flow cytometric analysis.

Statistical analysis

Statistical anal ysis of data wtassoranavayr i e d
ANOVA, depending on the data set, using the GraphPad Prism sofswgndicance is
indicatedin figuresas follows: p<0.05 = *; p<0.01 = **; p<0.001 = ***; p<@O1 =

***x%  Anything not marked is considered not statistically significaohless stated

otherwise.
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Chapter3:1L-1 2 i s i mportant for | FNo product:i

3.1.Introduction

As mentioned in the introduction, 412 directs the skewing of CD4 cells into Ty1
effector cells which are characterized by the expression of the transcription famor T
and the downstream production of |l FNo . | FN
response to many different pathogens and plays a key role in the response as well
as autoi mmune responses. | FNo> acts on many
effects (Figure 3.1). | FNo can act on APCs
upregulation of key functions in antigen presenting pathways. Fas dlaantigen
presentation, | FNo is specifically involved
subunits LMP2, MECL1 and LMP7[124, 125] The upregulation of these subunits and
assembly of the immunoproteasome allows for the increased amount and diversity of
peptides produced to be presented on MHCI, émiancingCD8" T cell recognition and
funct i o nalso invéivdd in thesupregulation of MHC | complex chains and the
TAP protein which is responsible for the transport of peptide from the cytosol to the ER
[126, 127] I n addition to the wupregulation of
upregulate class Il MHC molecules as well as proteases involved in the lysosomal
processig of antigens for MHC Il presentatigh28, 129] Thu s, Il FNo i s able

CD8+ and CD4+ T cell responses by the upregulation of key features in the antigen

presentation pathway. Idad i t i on t o enhancing T cell respo
the mediation of the 1T mmune responsul. As me
cells is heavily involved inthe antii r a | response. | FNo2 acts by

of viral proteirs through the induction and phosphorylation of PKR, a serine/threonine
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kinase which inhibits eH2 in the translational machinefy30, 131] | iE &so largely

involved in the promotion of survival signals and increased activity of macrophages.
Macrophages activated by | FN2 have enhancei
increased production of reactive oxygen species (ROS) and reactive enitrog
intermedi ates (RNI). Similarly, | FNo induce

neutrophilg132].

9 @

[ N
IFNy

|
.

oe T Cell
Macrophage Dendritic Cell
Increases proiljﬂammatory Upregulates MHCI and 1|
function - Involved in DC maturation
Induces tumoricidal activity Increases co-stimulatory
Increases NO production molecule expression

Polarizes to Tyl
Inhibits Tu2 and T417

Increases IFNy through Increases
positive feedback cytotoxic activity
and proliferation

Figure 3.1 Effects of IFNb on cells of the immune systemlFNo interacts with many different immun
cell types in response to infection. I&M involved in the smulation of preinflammatory functions by
macrophages, upregulation of antigen processing machinery on dendritic cells and other APCs, res
enhanced T cell responses. B-dlso enhances I polarization while inhibiting J2 and T,17 as well as

increased activity by CD8 T cellBigure made using BioRender.com.
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IL-12 upr egul astmediated thrbugh tikeNL2R signaling discussed in
section 1.5. The phosphorylated STAT4 homodimers can influence the expression of
| FNo either by directly binding to the pror
expression of the transcriptidactor T-bet which then binds to the promoter region of
| FNo and upregul at es -1&x raens siinodnu c(eF itghuer ee x3p.r2e
alone but frequently works in concert with
The most common of these mngrgistic cytokines is H18. Like IL-12, IL-18 can
stimul ate the product ildisineaedsary far e amalificatiore , howe
of the | FMB3.Irl8andik-h2 ei nduced | FN2 has been sh
many pathogens, including numerous viral, bacterial andipiaranfections[134]. IL-12
andIk18 al so have been shown to act in conce
responsq135]. In contrast tothe H1 2 i nduct i ol8 upoefulatlor MNilizes | L

different signaling pathways. H18 signaling through its receptor is mediated through the

My D88 dependent induction of both t-18Be MAPK |
induced MAPK signaling enhances Il FNO produ:
promoteraswél as the stabil i z[61136pInaddtiontd B8, | FNo ml

IL-12 can synergize with 15andI:1 b t o i nduce | FNO producti on
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Figure 3.21L -12 upregulation of IFNo. IL-12 signals through the L2 receptor, leading to STAT-
phosphorylation, dimerization and translocation to the nucleus. Phosphorylated STAT4 is able to
IFN9 through directly binding to the promoter aactivating transcription or through the transcriptior
upregulation of the Pet transcription factor which then binds to the $HMomoter to upregulate it:
expressionFigure made using BioRender.com.
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Figure 3.3 IL-12 and IL-18 synergistically upregulate IFN. IL-18 upregulates IFN production
through the MAPK and N#B signaling pathways in addition to the STAT4 mediated upregulatiol
IL-12. (A) created using BioRender.com. (B) obtained fri@hunder Creative Commons Attributiol
Licence (CC BY).
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3.2.Chapter Summary

In this chapter, weest the hypothesis th&ioth IL-12 subunits are necessary for
eliciting | FNo rVeestpze ansmals with eitbemtheTHL2@A@ dr Il-s .
12p35 subunit knocked out (referred to as either/p4® p35/- throughout this thesis) to
demonstrate the effects of the loss ofll2 si gnal i ng on | FN2 pr oduc
and CD8 T cells. We utilizentee different immunological stimuli forovidethese data:
an antigen specific T cell stimulation,L2ishmaniainfection and a tumor model. We
validatethatlkl1 2 i s an i mportant cytokine for the i
IL-12p40 or 1:12pP35 resul ts in defective | FNo2 produc
The data established in this chapter sets up three models for use in Chapters 4 and 5 to
evaluate the functionality of HL2 formed by two distinct cells in the induction of an

| FNO seespon

3.3.Results

331. IL-12 is required for the antigen specific

To first assess H12 requirements, we utilized the SMARFfansgenic (SMARTA
tg) T cell model. In this model, all T cells produced are specific to a known péptide
LCMV GPsigo. T cells from SMARTAtg mice were purified and transferred to either
p40/- or WT animals. Following transfer, the mice were challenged witki.§5P LPS.
Four days following the challenge, the spleen and lymph nodes were harvested from the
animals and restimulatad vitro to analyze cytokine production (Figure 3.4A). T cells
from the spleensof pdBani mal s di d not produce | FNo at
either 24 or 48 hours after restimulation. As expected, T cells that were transferred into

the WT animals began prodacy | FN2 robustly within 24 hou
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which further increased at th&8-hour timepoint (Figure 3.4B). These data were
recapitulated in the T cells that were harvested from the lymph nodes-6f @d® WT
animals (Figure 3.4C). These dad@monstrate that in an antigepecific stimulation, the

absenceof 1 2 p 40 results in impaired | FN2 product

SMARTAG
Adoptive Transfer

l Antigen

/q\ y’ Challange
- 4 days In vitro
restimulation for

cytokine production

p40-/-ORWT

(o)
O

20000 __ 25000+
= L Ak ' = . ek .
E T 1 __E- F 1
E S 20000 L * |
2 15000+ i - i & - -
= =
£ -2 15000+
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E @ 10000
[X]
s ] g
g 5000 |—l—| © 5000+
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p40./- WT p40-/- WT
Restim: —= = + + T Restim: — - + + - - + o+
24h 48h 24h 48h 24h 48h 24h 4Bh 24h 48h 24h 4Bh 24h 48h 24h 48h

Figure 3.4 IL-12 deficient animals have a decreased IENresponse.(A) Experimental design:
SMARTA-tg T cells from CD45.1donoranimals were sorted and transferred into CD48.212p40
/- or CD45.1CD45.2 WT recipient animals and challenged 24h later with,GPand LPS. 4d after
challenge, harvested cells from the spleen and lymph nodes wstimugated with GE,_g,in vitro for

24 or 48h. Concentration of I FNo2 in the suj
cells transferred into p40 (open bars, blue gradient) or WT (open bars, gray gradient) animals
48h after restimulation (n=3).
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3.3.2.1L-12 deficient animals have an improper response to Leishmania infection
Next, we utilized d_eishmania majoinfection. Leishmaniawasextensively studied
during the discovery of 1 and H2 and has been shown to needa Tesponse in order
to clear the infectiofil37, 138] This was demonstrated byetbomparison of two mouse
strainsi C57BL/6 (B6) and Balb/c, which preferentially mountlTand H2 responses,
respectively, when infected witbheishmania These responses result in a lesion which
clears over time in the B6 mice and a #iwaling progresse lesion in the Balb/f139].
This clearing is dependent dbh-12si nduced | FNo, -/-ansnalss despiie t he p4
being on a B6 background will have a disease progression similar to Balb/c animals with

a nonhealing lesion and increased4Lproduction140].

We first validated the requirements for p40 and p35 in cledringajor infections
using the respective knockout moddls.major parasites wer injected into the footpad
of these animals and the infection was monitored for 28 days before cellular analysis for
| FNO producing T <cell s by flow cytometry (
demonstrated, the wildtype B6 (WT) animals saw increasegllisy of the footpad
which peaked between day 14 and 18, at which point it began to resolve, returning to near
normal levels by the infection endpoint. Contrarily, both the-p4hd p35/- animals

saw increased swelling through the duration of the tide¢Figure 3.5BC).
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Figure 3.5 IL-12 deficient animals have a decreased response lteishmania. (A) Experimental
design. 1:12p4G/- (open circles, blue), H12p35/- (open squares, green) and WT (open triang

black) mice were injected with fa. major parasites in the footpad dermis. (B) Biweekly measurer
of footpad thickness at the midline following visible lesion induction through the duration of L. r
infection (n=3). (C) Footpad thickness at the midline 28d post L. major infectipaifed t test, n=3).

As IL-12p40 release is a common feature of many infections includigimania,
through the duration of the infection,ettserum levels of H12p40 and IE12 were
measured. As expected, the infected WT and/p3Bimals produced high levels of p40
throughout the infection, maximizing near 2 ng/ml detectable in the serum of WT
animals, however only the WT animals were aldeptoduce I:12 in response to
Leishmania(Figure 3.6). Additionally, the tisstepecific production of IE12p40 was
measured following the infection endpoint. Cells from the draining lymph node (dLN),

nondraining lymph node (ndLN) and spleen were incadat vitro. In both the spleen
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and dLN, both the p36 and WT animals saw increased induction of p40, while p40

induction by the ndLNvas minimal at both 24 and 72 hours after incubation (Figure 3.7).

A B
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Serum p40 Concentration (pg/mL)

0 2 4 6 8 10 12 14 16 18 20 22

Serum IL-12 Concentration (pg/mL)

Figure 3.6 p40 and IL-12 release in response tbeishmania.lL-12p4G/- (open circles, blue), .
12p35/- (open squares, green) and WT (open triangles, black) mice were injected with 106 L.
parasites in the footpad dermis. Infected animals were bled 4h and at d1, d2, d3, d4, d7, d14,
postL. majorinfection. Serum levels of (A) H12p40 and (B) IE12 were measured by ELISA (n=3).
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Figure 3.7 Tissue 1-:12p40 production following a Leishmaniainfection. IL-12p4G/- (blue), IL-
12p35/- (green) and WT (black) mice were injected with 1O major parasites in the footpad dermi
Cells from the spleen, draining lymph node (dLN) and-dmining lymph node (ndLN) were harveste
28 days after L. major infection and incubabediitro. Concentration of p40 in supernatants by tissi
after (A)24 and (B) 72 hours. (unpaired t test, n=3)
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To further analyze the T cell responses in responsketshmania intracellular
stainingforl FNo and fl ow cytometric analysis was ¢
cells specifically, the cells from the spleen, dLN and ndLN were first gated on total
lymphocytes based on their forward and side scatter profiles. Live T cells were separated
afterby gat i n §cells that WeteRegative for LiveDead staining. Live T cells
were further separated by CDdr CD8 T cells and then analyzed for the expression of
Chb44 and | FNo (Figure 3.8). Using th-is strat
andp35-ani mals were deficient in prbBdEEsng | FN
cells being 0.37%(+0.06) and 0.23%(+0.03), respectively, while 5.6%(z0.76) cells in the
WT ani mal s wer e | FND3B).ghedtehdsdnithe gropprifon gNFr e 3. 9 A
producing cells was recapitulated in the nur
numbers being minimal in the p35and p46/- animals while increased in the WT
ani mals (Figure 3.9C). I n additiondLNt he pr oc
and footpad restimulated with solubleishmaniaantigen (SLA)was minimal in both
p40/- and p35/- animals, while being highly increased in the WT tissues (Figure 3.9D).
These trends were also seen in the CD&ells analyzed. Much like the CDZ cells,
the CD44' | F Npopulation of CD8+ T cells was induced to 13%(+2.1) in the WT
animals while remaining minimal in the p#0and p35/- animals, at 0.23%(+0.03) and
1.06%(+0.05) (Figure 3.108). Again, this difference in the proportion of cellasv

recapitulated in the cell numbers (Figure 3.10C).
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Figure 3.9 IFNo production by CD4" T cells is disrupted in IL-12 deficient animals IL-12p40/- (open circles,
blue), IL-12p35/- (open squares, green) and WT (open triangles, black) mice were injected EWilhnflé]’orparasites
in the footpad dermis. Splenocytes harvested 28 days after L. major infection vg&neulated and analyzed via flov

cytometry. (AB) Percentage and (C) number of cB44F NGD4 T cells in the spleen measured 28 days dftel
major infection (n= 3). (D) Cells from the spleen, draining lymph node (dLN) and footpad were harvested 28 da
L. majorinfectionandrest i mul at ed with Soluble Leishmania Anti
tissues collected from H12p40/- (blue), IL-12p35/- (green) and WT (black) after «stimulation for 48 hours
(unpaired t test, n=3).
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Figure 3.10 IFNb production by CD8" T cells is disrupted in IL-12 deficient animals IL-12p4G/-
(open circles, blue), H12p35/- (open squares, green) and WT (open triangles, black) mére

injected with 16L. major parasites in the footpad dermis. Splenocytes harvested 28 days after L.
infection were restimulated and analyzed via flow cytometry.-B)\ Percentage and (C) number !

cp4d'| F N@D8' T cells in the spleen measur2@ days aftet.. majorinfection (n= 3)
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As TH1 cells are also characterized by their expression of the transcription factor T
bet, which is also involved in the upregul
expression of bet in response toeishmania nf ect i on. Much | i ke the
cellsfrom p4G/- and p35/- animalshadreduced proportions and numbers of CPh44
bet cells (Figure 3.11). The CD8+ cell expression dféf is not as striking as the CD4+
or the I FNo from eit her-batcdisirthe p4dvandtpBs t he pr c
/- averaging 6.2%(+0.65) and 6.5%(+0.88), respectively. However, therd & sidrked
difference between the two knockout animals and the WT, which averaged at
17.3%(+0.95) (Figure 3.128). These proportional differences were also seen in the cell
numbers (Figure 3.12C). Taken together, these data validate the necessikyXaon the
induction of bothTh et and | FNo2 in CD4 andLeishibahia T cel |l s

challenge.
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Figure 3.11 Tbet” CD4" T cells are reduced in IL-12 deficient animals IL-12p4G/- (open circles,
blue), IL-12p35/- (open squares, green) and Wopén triangles, black) mice were injected with L0
major parasites in the footpad dermis. Splenocytes harvested 28 days after L. major infection v
stimulated and analyzed via flow cytometry-B) Percentage and (C) number of CcBambet CD4"
T cells in the spleen measured 28 days aftenajorinfection (n= 3)
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Figure 3.12 T-bet+ CDS8' T cells are reduced in IL-12 deficient animals IL-12p4G/- (open circles,

blue),IL-12p35/- (open squares, green) and WT (open triangles, black) mice were injected Ruiith
major parasites in the footpad dermis. Splenocytes harvested 28 days after L. major infection v

stimulated and analyzed via flow cytometry-B) Percentage and (C) number of cBambet CDS'
T cells in the spleen measured 28 days aftenajorinfection (n= 3)
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333IL,-12 is necessary for T cell production of
As touched asmanimpfodantenplecllelrNtie response to tumors, being

involved in the stimulation of macrophages and cytotoxic functions of CD8 T cells

during t he t umor response. I FNo i s al so

angiogenesis and induction ofrég gpoptosig141]. Based on this, we also evaluated the

| FNO r e s p-b2p4d eknodkaut amirhals in response to an EGWA tumor

inoculation. E.GFOVA is a T cell lymphoma derived from the EL4 line which expresses

the OVA peptide in order to measure antigen specific T cell responses. For these

experiments, we injected 1E.G7-OVA cells intradermally and monitored the tumor

growth over 21 days before analyzing cell s

the Leishmaniainfections in section 3.3.2 (Figure 3.13A). Visible tumor was detectable

at day 14 for both the p40 and WT animals, and the tumor continued to progress

through day 21, with the p4P increasing slightly faster than the WT animals, though

this was not significant (Figure 3.13B).
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Figure 3.13 Comparison between IE12p40/- and WT animals following E.G7-OVA tumor

inoculation. (A) Experimental design. H12p40/- or WT animals were injected with 18.G7OVA T
cell ymphoma tumor cells in the right flank. (B) Upon establishment of visible tumor, height and
of the tumor lesion were measured every 3 days until experimental endpoint at 21 days.
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Analysis of the T cell responses was carried out via flow cytometry as described in
section 3.3.2 (Figure 3.8). As seen in fitevious experimental models and as expected
based on other data in response to tumor stimulus, thé- @fmals had a reduced
proportion of CD44 | F N®D4 T cells in comparison with the WT animals, averaging
0.79%(+0.24) and 2.2%(+0.32), respectivéiigure 3.14AB). In agreement with the
proportion of | FNo2 producing cell s, -the WT
animal numbers remained minimal (Figure 3.14C). The CD8 data agreed with everything
shown thus far, with percentages and numbéSD44" | F ND cells much higher in

the WT animals than in the p40animals (Figure 3.15).

p40-/- WT
i 0.62| .- 2.00
I i
1 o . ' o g‘g
3 "g }
g o = E | g0
o 1
ot o? 4
-LI'Z . I| 1 : ! ": Im ‘1D ‘|
I 3 0 03 ‘n T 5 a 4 5
IFNy .
*k
B % C.
] T 2.5%10%
= 57 O
[ = ;
] " 2=10°
=+ 44 =]
= o
Q 3 . 1.5%105%4
. 3 =
= =
z 3
3, T 5x10¢-
3] —5— 3] ——
= [,
2 0 T T : 0 T T
=2 pao./- WT p40-/- WT

Figure 3.14 IFNb production by CD4 T cells in response to E.GDVA tumors is disrupted in p40-

/- animals. IL-12p4G/- (open circles, blue) and WT (open triangles, blaskye injected with 10
E.G7-OVA cells in the right flank. Splenocytes harvested 21 days after inoculation were restim

and analyzed via flow cytometry. {B) Percentage and (C) Number of CcB4&No" CcD4' T cells in
the spleen.
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Figure 3.15 IFNo production by CD8 T cells in response to E.GDVA tumors is disrupted in p40-

/- animals. IL-12p4G/- (open circles, blue) and WT (open triangles, black) were injected with
E.G7OVA cells in the right flank. Splenocytes harvested 21 days after in@mublatre restimulated

and analyzed via flow cytometry. {B) Percentage and (C) Number of cB4&No>" CD8' T cells in
the spleen.
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3.3.Discussion

The importance of I£12 in regulating T cell activation and differentiation is well
established. This chapter is a critical foundation for this thesis since it validates the
relevance ofiL-12p40 andIL-12p35 separately in regulating T cell differentiation. In
essence, this is the status of the current paradigm-12 lhiology. The rest of the thesis

uses this groundwork to extend the paradigm significantly and challenges aspects of it.

The data presentduereare also relevant to thén vivo assays we can now use to
develop new findings. First, we can clearly show quantitative dependence gf IFN
productionon the availability of botHL-12p40 andIL-12p3571 not just one. This is
important, as we develop the thesis further, especially since dnenflicting data
about thelL-12p40 subunit and its agonistic role in the literature. In our model systems,

lacking either partner, no functional-ll2 actvity is evident.

Second, we evaluate differem vivo challenge models and find the each has
differential dependence on{12. TheLeishmania majomodel involving a protozoan
parasite has the most stringent requirement fetdL(p40 and p35) while theimor
model (EG7-OVA) is relatively less dependent. As discussed previously, induction of
IFN2 is multifactoriali with TCR signals as well as other cytokines-{8, IL-15, IL-2
etc) contributing. Therefore, establishing the precise requirements in riabas is

critical for the design of experiments in the rest of this thesis.

Overall, the data in the chapter validate the hypothesis that batBpdO and IE

12p35 are necessary to elicit | ANsubumte sponses
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affed ed | FNoO production in three distinct mo d

these as model systems for further work in this thesis.
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Chapter 4: The subunits of IL-12 produced by two distinct cells can combine to

form functional IL -12.

4.1.Introduction

In response to a pathogen that requires ah2Hdirected response for clearance, the
upregulation of both the H12p40 and IE12p35 subunits is necessary. Though, as
discussed in detail in chapter 1, the upregulation of each subunit is independently
regulated. Upon this upregulation,-112p40 can be detted in robust amounts in the
serum, at 10A000 times the concentration of detectablelf (Figure 4.1A)[11].
Analysis of IL-12p40 in the serum shows that 95% remains in the monomeric form,
while the other 5% is made up of the inhibitory1Pp80 homodimer (Figure 4.187].
These data led us question the function of the released monomer. Considered together
with the IL-12p35 expression data showing much more varied expression ti2p40,
we hypothesized that #12p40 and IE12p35 could come from two different cells to

impart IL-12 functon.
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Figure 4.1. IL-12p40 monomer is released in great excess over-12. (A) Serum 1-12p40 and 1E12p75 levels from
WT mice 6 hours after i.v. injection with 1@0 of various concentrations of LPS. (B) Affiniyurified 1L-12p40 from
the serum op35/- was eluted into various fractions and analyzed via silver stain FSREE under nonreducing (NR}
and reducing (R) conditiongzigure adapted fronfi7, 11] under Copyright Clearance Center #1120358nd with
approval under NIH Creative Commons Licensing
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Previous work in the lab investigated whether the combination-a2f40 and IL
12p35 could lead to functional cytokin@ vitro. Both subunits of IE12 were
overexpressed separately@iO cells. The lysates collected from CHO cells transfected
with IL-12p35 and supernatants from thell2p40 transfected cells were combined and
assayed through different methods forl2 function (Figure 4.2A). When apetl to
2D6 T cells (a ®1 clone cell line which proliferates in response tolR), the
combination of subunits led to increased proliferation, measuredHethymidine
incorporation (Figure 4.2B). Functionally, T cells treated with the subunit combination
were also able to produde F NBigure 4.2C). These data confirm the ability for the
subunits of 1112 to come from two distinct sources to form functionallR_cytokinein
vitro [7]. The data in this chapter investigate whetherith@vo assembly of 1E12 from

two distinct sources is possible and functional in a similar matter tonthiso data.
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Figure 4.2. The in vitro combination of IL-12p40 and IL-12p35 results in functional 1L-12
cytokine. (A) IL-12p40 and IE12p35 were overexpressed in CHO cells and combined to determ
functional IL-12 could form from the combination of subunits from two sources. (B) 2D6 3 welle
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4.2.Chapter Summary

In this chapter, wdest the hypothesis that assembly ofl from two distinct
sources results in functional cytokine. \Wiize knockout animals in combination with
recombinant p40 treatment or in the generation of bone marrow chitoeassess the
function of IL-12 formed through the collaboration of two different cells. The data
presented in this chapter demonstrates that the administration of recombid@p#ilto
p40/- animals restores F Noooduction by T cells in both an argigspecific manner
and in response to a tumor challenge. Finally, through the use of knockout animals in
bone marrow chimeras, we show thatlR formation through the production of-IL
12p40 and 1E12p35 by two distinct cell$n vivo leads to an antigen egpific | F N2
response. Together, the data in this chapter illustrates a novel mechanism for the
formation of IL.-12, by which two cells can collaborate to dictaté- Nesponse by T

cells downstream.

4.3.Results
4.3.1. Administration of recombinant p40 to-2p406/- animals restores antigen

specific T cell production of | FND?

To examine the twaell model, we used the SMART# T cell model combined
with i.p. administration of recombinant 412p40 (rp40) or control PBS tthe p4d/-
animals. The mice were treated daily after antigen stimulation for five days upon which
point the T cells were harvested and restimulatedtro to analyze T cell differentiation
(Figure 4.3). In response to increasing doses @fi.6PT cdls transferred into the p40
animals which received only PBS did not induce the production BfNwhile the T

cells transferred into WT animals produded= Nrreasingly with the dose of antigen
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used for restimulation. Intriguingly, the T cells whietere transferred into p4B
animals that received administration of rp40 saw an intermediate increaselinFtinNo
production compared to the T cells from the WT transfers (Figure 4.4A). There is
evidence that in the absence of1R, p40/- animals havea predisposition toward the
development of a H2 response, marked by the production o#lLBecause of this, we
also assessed the -iL production by the transferred T cells. We found tha# IL
production was increased in the p4Canimals treated with P8 over both the rp40
treated p4d- animals and the WT animals (Figure 4.4B). Further cytokine analysis
revealed minimal differences between all three groups in the productionlGALIL-10

and IL-2 in response to restimulation (Figure 4-BL These da demonstrate that 1L
12p35 produced in response to LPS challenge can combine with externally administered
rp40 to form functional IE12 cytokine and dictate the differentiation of T cells to

producel F Nhoan antigerspecificmanner.
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e
SMARTA-tg
Adoptive Transfer

Antigen
Challenge

4,

In vitro
> restimulation for
cytokine production

I I I
I | I

p40-/- animals:
D1-4: 1pg recombinant p40
p40-/- ORPBS i.p.

OR
WT

Figure 4.3. Experimental design for recombinant 1:12p40 treatment. SMARTA T cells from
CD45.1 donor animals were sorted and transferred into CD+45.-212p40/- or CD45.1CD45.2 WT
recipient animals and challenged 24h later with,GPand LPS. Additionally, mice were either give

PBS or 1 ug IE12p40daily from dt4 before the cells were harvested and restimulated to analyz
cytokine production by ELISA.
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blue open bars) p40 animals given 1ug recombinant p40 (middle, blue closed bars) or WT animals (right
bars)
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4.3.2. Recombinanttl 2 p40 admi ni stration restores | FNo

tumor challenge

Becausd F Nsoinstrumental in the tumor response, and the necessity-b2 lfor
strong induction ofi F Nesponses, H12 was thought of as an ideal immunotherapy
candidate. However, clinical trials with4L.2 ad mi ni strati on in the 9
production 61 F Nleading to several toxic effects and two patient dga#?]. Because
the IL-12p40 monomer is a generally inert molecule and the action-t® lwould be
restricted to sites where 412p35 is producedwe next questioned whether twell
assembly was possible to elidit F Nresponses in a tumor model. Similar to the
experimental setup in section 4.3.1, g4@nd WT mice were injected with 1&.G7-
OVA T cells. Following the development of a visible tumor, the-p4@nimals were
treated with either rp40 or PBS daily until T cell responses were analyzed at the infection
endpoint (Figure 4.5). As expected, p4Ganimals which were treated witRBS had
minimal production of F Nby activated CD4 T cells, averaging 1.7%(z+0.2). Contrarily,
the WT animaldadan increase in the production lofF Nbop CD4 T cells in the spleen,
near 5.5%(+0.2). As we had seen in section 4.3.1, the administratioAGfegh to an
increase in the proportion of CD4 T cells that were produtirlg NDhis increase in
response to rp40 was at comparable levels to the WT animals, around 5.9%(z0.5) (Figure
4.6). The trends seen in the CD4 T cells were even more striking i6DBeT cell
analysis, with the p40 animals that received PBS having an activate&, Nhomducing
population at 4.7%(x0.11), while both the rp40 administered and WT groups had massive

induction ofl F Nad 21.9%(£4.9) and 20.6(x2.9), respectively (Figui@.
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These data demonstrate that the assembly -dR2lican dictatd F Npooduction in
response to a tumor challenge and set up a potential therapeutic im@civliich can be
evaluated further to determine if the administration of rp40 leads to localizé@ IL

inducedl F Nesponses without the systemic toxicity that was seen-irRltreatment.

108 E.GT-OVA
cells

21 days _ Cellular analysis by
i flow cytometry

p40-/- animals:
D14-21: 1pg recombinant p40
p40-/- OR PBS i.p.

OR

WT

Figure 4.5. Analysis of extracellular IL-12 assembly in response to tumor challenggA)
Experimental design. H12p40/- or WT animals were injected with 18.G7-0VA lymphoma cells in
the right flank. I1-:12p4G/- recipients were divided into twgroupsi one t hat re
recombinant p40 and the other received sterile PBS on dag6 after inoculation. On day 21, tissut
were harvested from infected animals and analyzed for T cell responses.
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E.G7-OVA tumor challenge. IL-12p4G/- or WT animals were injected with 40E.G7-OVA

lymphoma cells in the right flank. HL2p40/- recipients were divided into two groujpsone that
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Percentage of CD44 F N@D4 T cells in the spleen.
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4.3.3. IL-12 subunits, formed by two separatecella n come t oget her

by T cells in an antigen specific manner

The dataaccumulatedhus far in this chapter has shown that the administration of
rp40 can form functional H12 through assembly with {L2p35 produced internally.
While this shows that H12 formed this way can still indud¢e F Nbaoduction by T cells,
it does not show whier two different cellsn vivo can collaborate by producing one
subunit each to lead to a functionat1l response. To examine the potential of the two
cell modelin vivo, we designed ahimeric strategy eliminating the ability of any given
cell to makeboth IL-12p40 andIL-12p35 on its own In chimeric p4@- animals,
irradiated and reconstituted with bone marrow from -p38nice (p35/-A p40/-),
hematopoietic cells from the donor (pB8%can make p40 but not p35. The residual host
(p40/-) tissues, orthe other hand, can express p35 but not p40. This chimera would
generate IE12 only if the collaborative assembly of functionatdR envisioned in the

two-cell model operatenh vivo (Figure 4.8)
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Figure 4.8. Bone marrow chimeras allow for the impact of tweell IL-12 formation to be
measuredin vivo. (A) Experimental design: bone marrow chimeras were generated by reconsti

irradiated CD45.1CD45.7 p40/- mice with bone marrow cells from CD#5.p35/- donor mice or
irradiated CD45.2 p40-/- mice with bone marrow from CD45@D45.2 p40/- or WT donor mice.

After reconstitution of donor cells, T cells from CD4BSMARTA-tg mice were sorted and transferre
into chimeric animals and challenged Rours later with GP680 and LPS. (B) Schematic describir
IL-12 production in these chimeras and the ex
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We first wanted to examine this using the same SMARJA cell modelused in
section 4.3.1 After reconstitution with donor cells, we used the SMARTA model to
examine the differentiation of naive CDO4cells driven by 112 formed via twecell
assembly. SMARTA T cells were adoptively transferred to chimeric animals and
challenged with LCMV GRBl.go peptide (with LPS adjuvant). 5 days later, splenocytes
were analyzed (Fige 4.8A. SMARTA T cells seede@nd expanded to comparable
levels in all chimeric hosts following antigen challeng&y(re 4.9. Antigenspecific re
stimulation of these T cellex vivoshowed that WA p40 chimeras supported strong
| FNo di f f e wre d.0L0Aagrey €anvergely, pdd-A p40/- chimeras were
unabl e to promot e s ke wkigurg 4.10A blua)r ldterestiRgyp pr o d u
in p35/-A p40/- chimeras, where H12 activity is only available through the proposed
two-cell model, SMARTA cells were abletoppduce significant | FNo2 ¢
[-A p40/- animals Figure 4.10A green). The p35A p40/- chimeras also showed a
higher production of IEL7A (Figure 4.10B green), which can be influenced by-2B.

This suggests that in the loss of canonicallB production,IL-12p40 produced by
hematopoietic cells will be more available to bihd23p19 to form IL-23, since in this
setup, both subunits can be made by the same DC. Levels4domlISMARTA T cells
from WTA p40/- and p35/-A p40/- chimeras were neglible, while p406/-A p40/-
chimeras made significantly more ¢re 4.10¢, confirming that 1-:4 production is
promoted in the absence of both canonical andagblL-12 formation.IL-2 production
by T cells was also analyzed and found to haenaelestdifferences between the three
chimeric groups (Figure 4.10DJThese data, for the first tima vivo, indicate that the

alternate pathway for H12 assembly involving two separate cells is sufficient for the
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differentiation of antigerspecific T cellstowasl | FNo9 production after

stimulation.
A B
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Figure 4.9. SMARTA-tg T cells populate chimeric animal spleens in a similar proportion(A) Identification and (B)
proportion of transferred SMARTA T cells in spleens of recipient chimeric animals 5 days after challenge (n=3).
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4.4. Discussion

The data in this chapter demonstrated for the first fimeivo the ability for the
dimericIL-12 moleculeto be formed from two different cellular sources. Téssablishes
a new paradigm in H12 cytokine biology. The structural ability tf-12p40 to bnd IL -
12p35 has been extensively characterized, althdhighvasfocusing on assembly within
a single cel[10, 111, 143]Thefunctional assemblwe observe allows for a teleological
understanding ofprevious literature and gene expression datagfitxzussed in the
introduction) showing IL-12p40 expression is limited to DCs and macrophdgds
while IL-12p35 expression is more widesprda@2, 144, 145]In the past decade, the
contiibution of norhematopoietic cells towards modulating the trajectory of an immune
response has been extensively discu$sdd]. The mechanism of H12 assembly we
demonstrate here adds an important dimension to this emerging picture, suggesting that
the evolution otheterodimeric cytokines mayffer an intrinsic advantage the immune
systemby allowing their subunits to not only-sssort to form multiple cytokines, but
also source the subunits from different tissues. This has the potential to molecularly
encode immunological contektwith both satinel cells (DCs, macrophagestc) and

stromal cells collaborating to jointly shape the trajectory of T cell differenti§ijon

There are several transformative questions thae drom this basic observation (of
extracellular assembly df -12p35 with IL-12p40). Biochemically, the mechanisms by
which the assembly proceeds are unclear. As discussed eardigt, dksembly in DCs
follows a wellchoreographed series of biochemichaperoes in the ER and Golgi that
were elucidated over two decades of study. How these pathways are circumvented to

allow extracellular assembly is a challenging question to answer. Our ability to mix the
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IL-12p35-containing lysate with recombinalht-12p40 and obtain active HL2 may offer

a good model system to further study this. Our efforts to refine this further (by
overexpressing and purifig IL-12p35 in order to perform direct binding assays) were
not very successful initially and the successtbier parallel studies prompted us to drop
them. But thee are certainly intriguing hypothesto follow. Of these, weconsidered

two separate hypotheses for the formation of extracellular dimers. First, a simple
structural association (perhaps even without the stabilizing cydiaohges) could allow

the p40p35 complex to be biologically active. Second and perhaps imiguing, was

the possibility thatL-12p40 andIL-12p35 only associate on the surface of a cell, at the
point of docking with the receptor. The latter hypothesis comes from the fact that we are
unable to detect significant levels of-112 by ELISAsfrom the serum of mice or even in

cell culture, when mixing p40 and p35/- cells. This has been a vexing problem for
biochemical analyses. The trivial explanations could be that the current arbasely
assays are not sensitive enoufgin, or even perhap sterically interfere withthe
extracellularly assembled form of-12. Serum levels of IE12 in normal mice are quite

low, so the lack ohssay sensitivitis quite plausible. On the other hand, the formation of
active IL-12 only on the receptdyearing cells is somewhatanalogousto the trans
presentation of IL15. Future studies using immunohistochemistry and receptor knockout

chimeras can help with this further.

The second set of questions relate to the biological significance of the extracellular
form of IL-12. We prioritized this for two reasondirst, it yielded results earlier than the

unresolved biochemical questions and second, it established the significance of studying
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the extracellular form furtherThe results of these studies and dis@rsson the

biological significance of extracellular 12 arefurtherdiscussed in Chapter 5.
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Chapter 5: Two-cell IL-12 is effective for control of disseminated.eishmania

parasite.

5.1.Introduction

In chapter 4, we established the principle that the subunits 2 lin vivo, can come
together from two distinct sources to form activelR®. This was shown both by
administration of recombinant 1L2p40 and by thén vivo collaboration between two
cels that can only produce either subunit. As we discussed, this is a transformative
finding in cytokine biology and raises questions about its biological signific&izen
that the tenets of fL/Th2 skewing and the role of L2 were first elucidated usn_.
major infection in mice[137, 147] and that our data in Chapter 3 showed a rigid
requirement for bothiL-12p40 andIL-12p35 in regulting IFNo synthesis in this
infection model wechose to usé to evaluate the role of the taegell model for 1L-12

generation durin@ninfection response.

5.2.Chapter Summary

This chapter uses the same chimeric strategy used in section 4.3.3 to evaluate the
function of twocell IL-12 in response th. major. This follows from our validation of
the hypothesis in specific aim 2 and accordingly, we proposed that theetvprodiwced
IL-12 has a functionally distinct impact than conventionall®. Analysis of the
chimeric mice showed that tweell IL-12 is able to elicit F Nesponses from T cells in
response theishmaniaFurther analysis with chimeric combinations determired k.-
12p40 must come from a hematopoietic source, while the source-X#ple5 can be
variable for twecell formation. Finally, we elucidated biological differences in the

Leishmaniaresponse when only tweell IL-12 is present vs. canonical-ll2. Our dita
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show that canonical H12 is necessary to mount a sufficient response to clear parasite at
the primary site of infectionwhereastwo-cell IL-12 functions in parasite control in

disseminated tissue sites.

5.3.Results

5.3.1. TwocellIL-1 2 can 1 n dnilTcdls in résplomse fo Lesshmania

Using the strategy outlined in tisection 4.3.3p40/- chimeric mice were infected
with L. major (Figure 5.). As expected, among T cellslin majorinfected WTA p40-/-
chimeras, 9.6 0. 93) of the CD4 T cells produced |F
than CD4 T cells from p40A p40/- chimeras (1.6%(x0.43)Btrikingly, in the p3%-
A p40/- chimeras, where individual DCs cannot assemble tHE2Iheterodimer on their
own, frequenc e s o 4produiciigN@GD4 T cells were comparable to X/p40-/-
animals, averaging 8.9%(+£1.0Figure 5.2AB) . The tot al number of
CD44" CD4 T cells mirrored the pattern seen in the frequenciesur@id.2Q.
Interestingly, despite the F Nrmluction being comparable between the -p35p40-/-
and WTA p40-/- groups, the proportion of CD4 CDAZ cells which were positive for
T-bet expression in p3bA p40/- animals were maintained at an intermediate number
between the p4BA p40/- and WTA p40/- animals (Figure 5.3). This suggests that-two
cell IL-12 induction ofl F Ns not directly correlative with the expression ofbét.
Further analysis of CD4 cytokine levels showed expected trends in the"aQD44
population, with the p40-A p40/- animals having a higher proportion and number of
these cells than both the p8940/- and WTA p40/- animals (Figure 5.4). Unlike the
data seen in section 4.3.3 with the antigen specific response-tethb-12, there was

no significant differences beaen the p4d-A p40/- and p35/-A p40/- animals in
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activated CD4 T cells producing-L7 (Figure 5.5). This is further evidence for specific
impacts in Il:12 vs IL-23 upregulation, that even in the absence e12p35 within the

same cell as H12p40, thee is context dependent upregulation of subunits. Thus,

majorinfections are more heavily reliant on-12.

Cp gty

p40-/- p35-/-
Bone Marrow DOI’IOI’

600r (x2)

L. major
’ infection
6 weeks 35 days Cellular
Analysis
p40-/- or p35-/- Chimeric
Congenic Recipient Animals

Figure 5.1. Experimental setup for analysis of tweacell IL-12 activity. (A) Bone marrow chimeras
were generated by reconstituting irradiated CDZEAD/- or CD45.2 p35/- with bone marrow cells
from CD45.1" p40-/-, CD45.2 p40/-, CD45.2 p35/- or CD45.1CD45.2 WT donor mice. Chimeric

mice were infected in the footpad dermis with LOmajor parasites following reconstitution. 35 da

afterL. majorinfection, tissues were harvested andgtimulated for intracellular cytokine staining ar
flow cytometric analysis.
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Figure 5. 2. CD4 T cell s wil-4el kil is presgntr(foC) Bane
marrow chimeras wergenerated by reconstituting irradiated CDZIEOZLOI— mice with bone marrow
cells from CD45.2 p40/-, CD45.2 p35/- or CD45.1CD45.2 WT donor mice. Chimeric mice wer
infected in the footpad dermis with %0 major parasites following reconstitutiolA-B8) Percentage

and (C) number of CD44IFNo" CD4’ T cells in the spleen of p4B host chimeras reconstituted wit
p40/- (circles, blue), p3%- (squares, green) or WT (triangles, black) donor bone marrow 35 days

L. majorinfection (unpaired t test, n=8).
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Figure 5.3. Twocell IL-12 induces the expression of -bet. (A-C) Bone marrow chimeras wer
generated by reconstituting irradiated CD4540-/- mice with bone marrow cells from CD45.840-

/-, CD45.2 p35/- or CD45.1CD45.2 WT donor mice. Chimeric mice were infected in the footg
dermis with 16 L. major parasites following reconstitution. /&) Percentage and (C) number

cD44" T-bef CD4’ T cells in the spleen of p4B host chimeras reconstituted with pAQ(circles,
blue), p35/- (squares, green) or WT (triangles, black) donor bone marrow 35 dayslafteajor
infection (unpaired t test, n=Q).
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Figure 5.4. IL-4 production is reduced in chimeric animals that can only produce twaell IL-12.
(A-C) Bone marrow chimeras were generated by reconstituting irrdd@b45.1 p40/- mice with
bone marrow cells from CD45.2p40-/-, CD45.2 p35/- or CD45.1CD45.2 WT donor mice.
Chimeric mice were infected in the footpad dermis with LLOmajor parasites following reconstitutior

(A-B) Percentage and (C) number of cB4au-4" cD4 T cells in the spleen of p4B host chimeras
reconstituted with p4@- (circles, blue), p38- (squares, green) or WT (triangles, black) donor b
marrow 3 days aftet.. majorinfection (unpaired t test, n=@).
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