THE ROLES OF CELLULAR INHIBITOR OF APOPTOSIS PROTEINS 1 AND 2 IN
THE POLARIZATION OF M1 AND M2 MACROPHAGES

Alixandra J. Lammie

Submitted in partial fulfilment of the requirements
for the degree of Master of Science

at

Dalhousie University
Halifax, Nova Scotia
August 2017

© Copyright by Alixandra J. Lammie, 2017



For my Family.

i



TABLE OF CONTENTS

LIST OF TABLES ....ouoouuitiiiuineiiinsinsanssesssissssssessasssssssesssssssssssssassssssssssssssssssssssssssssns vii
LIST OF FIGURES ....cuuiiiiiintineininsinsensesssissasssesssssssssssssssssssssssssssssssssssssssssssssssssssses viii
ABSTRACT .ucuuiiiiiiniinnissensisssissesssesssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses xi
LIST OF ABBREVIATIONS USED....cuciivininninrensinsenssenssnssasssessanssssssesssssssssssssassssssns xii
ACKNOWLEDGEMENTS ...cuuiiniiiiiinnnissnnssensisssnssesssesssssssssssssassssssssssssssssssssssssssssns xvii
CHAPTER 1: INTRODUCTION....ccocirinruicrensessanssessessasssssssesssssssssssssasssssssssssssssssssssass 1
1.1 Macrophage function in health and disease...........cccccueeeviieeciienciiieeieeee e, 1
1.2 M1 and M2 macrophage polarization............cceeeeveeereieeeiieesiieeeieeeieeeereeeevee e 2
1.3 M1 and M2 macrophage mMarkers ...........ccveerueeerieeesieeeiieeeieeeeieeeeieeeeveeesneeesnneees 3
1.4 Cellular inhibitor of apoptosis 2 (cIAP2) and second mitochondria-derived
activator Of CaSPASES (SMAC) ..ocouiieeiieeeeeeee e e e ae e e e e ebeeeenree s 4
1.5 cIAP1/2 promote macrophage Survival ...........cccccveeiieeeiiieeiiiecie e 6

1.6 Pro-survival and pro-death signaling by the canonical and non-canonical
NEF-KB PARWAYS ..ttt ettt e e e e e e e snnaeesnreeennnes 7

1.7 Experimental autoimmune encephalomyelitis mouse model of multiple
SCLETOSIS ¢ttt ettt et e at e et ht e et e h bt e bt e h b e et e e sat e e bt e eneeeeeas 11

1.8 Rationale: Use of genetic cIAP2 ablation or LCL161-induced cIAP1/2
suppression to understand the roles of these anti-apoptotic proteins in M1

and M2 macrophage polarization ............cceeeeuvieeiieeniiie e e 12
1.9 Central hyPOthesiS.....c.uiiiiiiieeiiieeiie ettt e e e seree e enreeeeens 14
1.10 RESCAICH QIMS .....eiiiiiiiieiie ettt st 14
CHAPTER 2: MATERIAL & METHODS ......ccovininvuriinsuinsnnsensanssenssesssesssssssssasssssans 16

2.1 Bone marrow extraction and cytokine treatments to promote mild or
strong M1 or M2 macrophage polarization ............ccceeevueeeriieeniieeniee e 16

2.2 Treatment of bone marrow derived macrophages with the SMAC mimetic
5L 50 ) ST 19

111



2.3 LPS-INAUCed CEIL Aath .. oo e e e eeeees 19

2.4 TMMUNOPANNING ....vveeeeiiieeiieeeiiee ettt eeiteeeteeesseeessaeeessseeessseeassseeassseesssseesssseessseeesnses 19
2.5 Quantitative Real Time Polymerase Chain Reaction (QRT-PCR)..........cc.cc........... 22
2.6 FIOW CYLOMEIIY c.uvviiiiiieciiie ettt ste e s tee e te e et eessaeeetaeeesaeesnsaeesnsaeesnseeennnes 24
2.7 Western BLIOtHNG ......cccuviiiiiieeiiieceeece ettt et e e e e e ssae e enree e 25
2.8 Experimental Autoimmune Encephalomyelitis (EAE).........ccccoovvviiiiiiieiieieieee 26
2.9 Care Of EAE MICE ...couiiiiiiiieeteee ettt e 27
2.10 Tissue Collection and ANALYSIS.......cccueerrviieriiieeeiieeciieeciee e erre e sree e 27
2.11 Multiplexed enzyme-linked immunosorbent assays...........cccceevveeeeieencieercneeennne. 28
CHAPTER 3: RESULTS ..cuiiiiiiininninsuisenssisssnssessasssssssssssssssssssssssssssssssssssssssssssassssssns 29

3.1 cIAP2 ablation reduced macrophage generation from BMDMs cultured
under mild M1 polarizing CONAItIONS........ccueeervieeriieeiiieeriee e e ereeeseeeeree e 29

3.2 cIAP2 null BMDMs exposed to strong M2 polarizing conditions
displayed reduced macrophage generation relative to WT cultures..........cccveeeeneeennee. 29

3.3 cIAP2 ablation increased BMDM apoptosis under strong M2 polarizing
COMATEIONS ..ttt ettt e b e et esh b e et e e bt e eabeesbteenbeesseeenbeesaeeenneenaee 33

3.4 cIAP2 deficiency impaired BMDM differentiation by strong M1 and M2
POlATIZING CONAITIONS. .....viiieiiieeeiieeciee ettt eee e et e e et e e aeeesaeeesaeeensaeessnaeesnseeenns 35

3.5 Macrophage selection of BMDM cultures by immunopanning ............c.ccccueeenee... 38

3.6 cIAP2 null mpBMDMs displayed enhanced M1 and M2 marker
expression under M2 polarizing conditions..........c.eeecveeeeiieeriieeniie e eee e 41

3.7 cIAPI and cIAP2 protein levels were reduced in WT BMDMs treated
WItH LCLTOT .ttt ettt et sa et e e aeeseenean 44

3.8 Immunopanning also reduced macrophage percentages in the supernatants
of cultures treated with LCLI6T .....cocooiiiiiiiiiii e 46

3.9 Acute suppression of cIAP1/2 levels with LCL161 induced a bias towards
1\ B o ToY 3 V2215 10 o DTSR 48

v



3.10 Acute suppression of cIAP1/2 levels with LCL161 enhanced apoptosis
in BMDMs cultured under strong M2 polarizing conditions ...........ccceeeveevevveesveeennne.

3.11 EAE mice dosed with LCL161 exhibited increased disease severity...................

3.12 LCL161 administration enhanced CD38 expression in the spinal cords
OF EAE MICE....coiiiiiiieeee ettt et st e

3.13 LCL161 suppressed both Th1l and Th2 cytokine concentrations in EAE

3.14 LCL161 treatment increased Ly6CLo monocytes in EAE mice............ccuee.n.....

3.15 Treatment with LCL161 increased BMDM necrosis in cultures exposed
to a lethal concentration of LPS.......cooiiiiiiii e

CHAPTER 4: DISCUSSION ....ouutinnuinnrinsnnnssnesssnnsssesssnsssssssasssssssssssssssssssssssssssssssssssasssss

4.1 Determining the effects of cIAP2 suppression on M1 and M2 macrophage
POLATIZALION ...eeieiiiieeiiieeeieeeetee ettt ee ettt e et e e e e e e e teeeeteeessseeensseeessseeensseessnneesnseeenns

4.2 cIAP2 deficiency impaired the generation of macrophages in BMDMs
cultured under mild M1 or strong M2 polarizing conditions............cccceeeveererveerereeennne.

4.3 Ablation of cIAP2 biases the polarization of BMDMs to an M2-like state ...........
4.4 Immunopanning of BMDM cultures to isolate macrophages...........ccccceevevveerneenns
4.5 Strong M1 or M2 polarizing conditions have distinct effects on M1 and
M2 mRNA expression profiles in non-immunopanned and immunopanned

BMDMS ..t

4.6 Suppression of cIAP1/2 protein levels in BMDMs with the SMAC mimetic
LCL161 induced an M1 macrophage polarization bias............ccccveeevvrereieercieerneeennne.

4.7 LCL161 massively increased the apoptosis of macrophages in BMDMs
cultured under strong M2 polarizing conditions............ccccveervieeriieerieeseiee e

4.8 Oral administration of LCL161 increased EAE disease severity ..........ccoccueevnennns

4.9 LCL161 increased CD38 expression in the spinal cords and suppressed
plasma Th1 and Th2 cytokine concentrations for EAE mice..........cccccceevvieeniieennnnns

4.10 LCL161 treatment did not alter levels of Ly6CHi monocytes but
increased Ly6CLo monocytes in EAE mMiCe.......cccceeeiiiiiiiieciieeiieeieeeeeee e



4.11 Suppression of cIAP1/2 levels with LCL161 converted the mode of

cell death for LPS-treated BMDMSs from apoptosis t0 NECTOSIS ......ccveerevveercrveerveeennne 76
4.12 NF-kB pathway involvement in macrophage polarization and survival .............. 77
4.13 Regulation of dendritic cell and neutrophil cell function by cIAP1/2.................. 79
4.14 The potential role of cIAP1/2 in oligodendrocyte cell survival..............cceeennnnns 80
415 CONCIUSIONS ...ttt ettt ettt ettt et e be e et et e saeeebeeeaee 81
REFERENCES......uiiiiiuininninsnisinsisssissssssisssssssssssssssssssssssssssssssssssssssssssssssssssssassssssns 84

vi



LIST OF TABLES

TABLE 1: Forward and reverse primer sequences for M1/M2 markers, reference
ENES ANA OTNETS. .o et e e e e e e rae e esaae e eanaeeenreees 23

vil



LIST OF FIGURES

FIGURE 1: Regulation by cIAP1/2 of TNRF1-mediated activation of complex |
and complexes 11a and TID........cccoooiiiiiiiiei e 10

FIGURE 2: Schematic representation of the cell culture protocol..........ccccceeveveercnreennen.. 18

FIGURE 3: Experimental protocol to select for macrophages in BMDMs cultures
by immunopanning with the F4/80 antibody ............ccccvveriiieiiiiinieceeeeeeeeee e 21

FIGURE 4: Flow cytometry analyses of WT and cIAP2 null BMDMs
double-labelled with antibodies against CD11b and F4/80 that were cultured
under mild M1 (GM-CSF) or M2 (M-CSF) polarizing conditions............c.cceeveervveennenn. 31

FIGURE 5: Flow cytometry analyses of WT and cIAP2 null BMDMs
double-labelled with antibodies against CD11b and F4/80 that were cultured
under strong M1 (GM-CSF+LPS) or M2 (M-CSF+IL-4) polarizing conditions ............. 32

FIGURE 6: Flow cytometry analyses of Annexin V positive WT and cIAP2 null
macrophages detected in BMDMs cultured under mild M1 (GM-CSF), strong

M1 (GM-CSF+LPS), mild M2 (M-CSF) or strong M2 (M-CSF+IL-4) polarizing
COMAIEIONS ..ttt h e et e e bt e e et e s bt e et e e heeeabeesseeeabeesaeeenbeesnbeenbeenneens 34

FIGURE 7: M1 (A and C) and M2 (B, D and E) marker mRNA levels for WT

and cIAP2 null BMDMs cultured under strong M1 (GM-CSF+LPS) or M2
(M-CSF+IL-4) polarizing conditions expressed relative to BMDMs exposed to

mild M1 (GM-CSF) or M2 (M-CSF) polarizing conditions, respectively ...........c........... 36

FIGURE 8: cIAP2 mRNA levels for BMDMs grown under strong M1

(GM-CSF+LPS) or M2 (M-CSF+IL-4) polarizing conditions expressed relative

to cultures maintained under mild M1 (GM-CSF) or M2 (M-CSF) polarizing

CONAItION, TESPECTIVELY ...eieiiiiieiiiieciie ettt e e e e et e e e e e esree e eaaeeeeanee s 37

FIGURE 9: Flow cytometry analyses of macrophages double-positive for CD11b
and F4/80 in the supernatant of non-immunopanned and immunopanned BMDMs........ 40

FIGURE 10: M1 marker (A, C and E), M2 marker (B, D, and F) and cIAP2 (G)

mRNA levels for WT and cIAP2 null mpBMDMs selected by immunopanning

from BMDM cultures grown under strong M1 (GM-CSF+LPS) or M2

(M-CSF+IL-4) polarizing conditions expressed relative to mpBMDMs exposed

to mild M1 (GM-CSF) or M2 (M-CSF) polarizing conditions, respectively ................... 43

FIGURE 11: Effects of treatment with the SMAC-mimetic LCL161 (10 uM) for
24 hr on cIAP1/2 levels in BMDMS .....cc.uoiiiiiiiiiiieiee et 45

viil



FIGURE 12: Flow cytometry analyses of macrophages double-positive for CD11b
and F4/80 in the supernatant of non-immunopanned and immunopanned
WT BMDMs treated with LCL161 (10 uM) o1 24 hr..oooeviieiieeieeeeeeeeee e 47

FIGURE 13: M1 marker (A, C and E), M2 marker (B, D, and F) and cIAP2 (G)

mRNA levels for vehicle and LCL161 treated mpBMDMs obtained from cultures

grown under strong M1 (GM-CSF+LPS) or M2 (M-CSF+IL-4) polarizing

COMAIEIONS ...ttt ettt h e et e bt e e e bt e she e et e e s beeeabeesseeembeesaeeenbeesneeenbeesanens 49

FIGURE 14: The apoptosis marker Annexin V was used to assess the effects of
treatment for 24 hr with the SMAC-mimetic LCL161 (10 uM) on WT BMDMs
cultured under mild M1, strong M1, mild M2 or strong M2 polarizing conditions ......... 51

FIGURE 15: Clinical scores for EAE mice orally gavaged with vehicle (100 ul) or
LCL161 (50 mg/kg) once every 3 days from DPI 1-15 (A) or DPI 8-30 (B),
L0l B4 (0 111 o USRS 53

FIGURE 16: Effects of oral administration of vehicle (blue bars) or LCL161
(green bars) on spinal cord M1 marker mRNA levels (A-F) for CFA and EAE
MICE At DPI IS Lottt et st et 55

FIGURE 17: Effects of oral administration of vehicle (blue bars) or LCL161
(green bars) on spinal cord M2 marker (A-C) and chemoattractant MCP-1 (D)
mRNA levels in CFA and EAE mice at DPI 15 ..., 56

FIGURE 18: Effects of oral administration of vehicle (blue bars) or LCL161

(green bars) on plasma concentrations for the pro-inflammatory Th1 cytokines

TNF-a, IFN-y, IL-1a, IL-1, IL-12p40, IL-12p70 and IL-17A (A-G) in CFA and

EAE mice at DPI 15 . ettt e 58

FIGURE 19: Effects of oral administration of vehicle (blue bars) or LCL161
(green bars) on plasma concentrations for the Th2 anti-inflammatory cytokines
IL-10, IL-13 and IL-5 (A-C) in CFA and EAE mice at DPI 15 ......cccooiiiiiiiiiiieee 59

Figure 20: Effects of oral administration of vehicle (blue bars) or LCL161
(green bars) on plasma concentrations for the growth and differentiation cytokines
IL-6, IL-3 and GM-CSF (A-C) in CFA and EAE mice at DPT 15.......cccoccieiiiiiiiinn. 60

Figure 21: Effects of oral administration of vehicle (green bars) or LCL161
(blue bars) on plasma concentrations for the for CXCL1, CCL2, CCL3, CCLA4,
CCL5 and Eotaxin (A-F) in CFA and EAE mice at DPI 15.......cccooiviiiiniiieeee 61

Figure 22: A) Flow cytometry protocol for the detection of Ly6CHi and Ly6CLo
monocytes isolated from the spleens of EAE mice treated with vehicle or LCL161 ....... 63

X



FIGURE 23: Effects of exposure to a lethal concentration of LPS (10 ug/ml) for

4 hr on the apoptosis and necrosis of BMDMs cultured under mild M1, strong M1,
mild M2 or strong M2 polarizing conditions that were treated with vehicle or

LCLTOT ettt ettt ettt e ste et e bt enbeeneesseenseeneenseenseeneens



ABSTRACT

This thesis examined the effects of genetic ablation of the anti-apoptotic protein cIAP2
and SMAC mimetic (LCL161)-induced cIAP1 and cIAP2 suppression on the polarization
of pro-inflammatory (M1) and anti-inflammatory (M2) macrophages. Quantitative RT-
PCR was employed to measure M1 and M2 mRNA markers in bone marrow derived
macrophages (BMDMs) cultured under mild or strong M1 or M2 polarizing conditions.
These measurements indicated that cIAP2 loss impaired both M1 and M2 polarization.
Macrophage isolation by immunopanning suggested that cIAP2 loss also impaired
dendritic cell polarization. LCL161 increased M1 mRNA marker levels in strongly M1
polarized macrophages. By contrast, LCL161 induced the massive apoptosis of strongly
M2 polarized macrophages. Hence, cIAP1/2 suppression biased macrophage polarization
in vitro towards a pro-inflammatory M1 state. LCL161 increased the severity of
experimental autoimmune encephalomyelitis and suppressed both Th1 and Th2 cytokine
plasma concentrations suggestive of impaired M1 and M2 polarization. SMAC mimetics
may therefore worsen multiple sclerosis.
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CHAPTER 1: INTRODUCTION

1.1 Macrophage function in health and disease

Macrophages are phagocytic immune cells that play a vital role in both innate and
adaptive immunity' . Although there are a variety of macrophage subtypes, the focus of
this thesis will be on those arising from bone marrow hematopoietic progenitor cells
(HSCs). Macrophages generated from HSCs, or circulating monocytes, are diverse and
highly plastic cells. This diversity and plasticity is dependent on the microenvironment in
which these cells are located”™. This allows macrophages to serve both pro- and anti-
inflammatory functions thus enabling to them play important roles in homeostatic
processes such as tissue remodeling, recycling of erythrocytes and removal of cellular
debris'~. Macrophage fidelity is therefore critical for good health while their
dysregulation can lead to the promotion and progression of many diseases. Examples of
diseases that are influenced by macrophage dysregulation include cancer, arthritis,
inflammatory bowel disease and multiple sclerosis. These disorders are often
accompanied by the impaired polarization of macrophages between pro-inflammatory
and anti-inflammatory states. To understand how impaired macrophage polarization may
contribute to immune dysfunction, it is first necessary to describe the mechanisms that

regulate macrophage polarization.



1.2 M1 and M2 macrophage polarization

Although macrophages are broadly defined as either M1 (pro-inflammatory) or M2 (anti-
inflammatory), this classification system is simplistic. More accurately, these cells exist
within a spectrum of functional states enabling them to become M1-like or M2-like,
depending on the polarizing conditions'**. The criteria for classification of M1 and M2
macrophages have been hotly debated. Established researchers in the field have thus yet
to agree on the precise nomenclature or standards to define them’. One method to assign
these features is based on the characteristics of macrophages obtained by stimulating
HSCs with the cytokine combinations of Granulocyte Macrophage-Colony Stimulating
Factor (GM-CSF) + lipopolysaccharide (LPS) or Macrophage-Colony Stimulating Factor
(M-CSF) + interleukin-4 (IL-4)*. Exposure to GM-CSF+LPS stimulates the "classical
activation" of macrophages. These macrophages are termed M1 cells because their
polarization is associated with activation of the Thl immune response®. Exposure to M-
CSF+IL-4 causes “alternative activation” that gives rise to macrophages termed M2 cells
because of their association with the Th2 immune response®. For the purposes of my
thesis, macrophages that encourage inflammation are termed M1 macrophages, whereas

those that reduce inflammation and promote tissue repair are called M2 macrophages.



1.3 M1 and M2 macrophage markers

In mice, macrophages generally display cluster of differentiation molecule 11b (CD11Db),
EGF-like module-containing mucin-like hormone receptor-like 1 (F4/80) and Colony
Stimulating Factor-1 Receptor (CSF-1R) of their cell surface™. A variety of receptor and
cytokine markers have been employed to identify specific macrophage subtypes. Those
macrophages categorized as being M1-like have pro-inflammatory characteristics, as well
as, microbicidal and tumouricidal activity>’. These cells are activated by ligands for Toll
Like Receptor 3 and 4 (TLR-3/4) or exposure to interferon-gamma (IFN-y), that triggers
the expression of the CD86 on the cell surface and their increased production of pro-
inflammatory mediators including: tumour necrosis factor-alpha (TNF-a), interleukin-
1beta (IL-1p), IL-12, IFN-y and superoxide anions®*'’. Conversely, macrophages of the
M2 lineage are anti-inflammatory in nature and are chiefly associated with parasitic
infections, tumour progression, immunoregulatory functions and angiogenesis®’. M2
polarization promoted by IL-4 and IL-13 results in the cell surface expression of CD206
and major histocompatibility complex class II (MHCII) molecules, as well as, the
elevated production of IL-4, IL-10, Arg-1 (Arginase-1), Ym1 and nitric oxide synthase 2
(NOS2)**!°. However, many of these markers are not always specific for M1 or M2
macrophages. This is because macrophages are polarized within a dynamic M1-M2
spectrum and often display both M1 and M2 markers, thus making it difficult to define
the absolute degree of M1 and M2 polarization''. New findings, however, have identified
markers that appear to discriminate M1 from M2 macrophages. Jablonski et al. (2015)
performed a comprehensive analysis of the transcriptional signature of murine MO (non-

polarized), M1 and M2 macrophages to identify markers that are exclusive to each of



these cell sub-types. These investigators found that increased CD38, G-protein coupled
receptor 18 (Gprl8) and formyl peptide receptor 2 (Fpr2) expression was M1-exclusive,
while the induction of early growth response protein 2 (Egr2) and avian
myelocytomatosis viral oncogene homolog (c-Myc) was M2-exclusive''. Use of these
markers thus offers the opportunity to define the relative contribution of M1 and M2
macrophages in the progression and resolution of inflammation. Moreover, information
derived from such studies may assist the development of drugs designed to promote the
optimal balance of M1 and M2 macrophage function necessary for the improved

treatment of inflammatory disorders.

1.4 Cellular inhibitor of apoptosis 2 (cIAP2) and second mitochondria-derived
activator of caspases (SMAC)

Members of the Inhibitors of Apoptosis (IAP) family play pivotal roles in the regulation
of cell death and survival'®. The first IAP was discovered in baculoviruses, with
subsequent cloning studies in human cells resulting in the identification the IAP family
members cIAP1 (BIRC2), cIAP2 (BIRC3), NAIP, XIAP, ILP2, BRUCE and survivin'*~
17 IAPs share a conserved region of 70-80 amino acids known as the Baculoviral IAP
repeat (BIR) domain with all members except NAIP, BRUCE and survivin also
containing a carboxy-RING zinc finger with E3 ligase activity'?. XIAP blocks apoptotic
cell death by directly inhibiting the cysteinyl protease activity of caspase-3'®. Unlike
XIAP, cIAP1 and cIAP2 (cIAP1/2) are inefficient at directly inhibiting caspase activity'.
Instead, cIAP1/2 suppresses TNF-a receptor 1 (TNFR1)-mediated apoptosis by inhibiting

formation of the death-inducing ‘complex-II’, that is the activation platform for caspase-



8. which induces cell death by the extrinsic pathway'>*. cIAP1 and cIAP2 have
redundant functions with cIAP2 considered to be a duplication event of cIAP1 that
occurred in recent evolutionary history?'. The constitutive presence of cIAP1 in
conjunction with the adaptor proteins TNF receptor-associated factor 1 and 2 (TRAF1/2)
mediates the E3-ligase induced ubiquitination followed by the degradation of cIAP2'*%.
Genetic ablation of cIAP1 elevates cIAP2 levels, however, cIAP2 ablation does not alter
cIAP1 levels®. Cellular stress (hypoxia) as well as the stimulation of the Toll-4 receptor
or TNFR1 produces the transcriptional activation of cIAP2 enabling this anti-apoptotic

protein to exert dynamic control over apoptotic resistance”* .

IAPs are regulated by proteins that oppose their anti-apoptotic activities. One such IAP
inhibitor is the second mitochondria-derived activators of caspase (SMAC) which is a
natural IAP inhibitor released by mitochondria. In recent years, small molecule SMAC
mimetics have been developed that sensitize cancer cells to apoptosis by suppressing
cIAP1/2 levels®. SMAC (a.k.a. DIABLO) is a 29 kDa protein which moves from the
mitochondrion to the cytoplasm after exposure to an apoptotic trigger”®>’. SMAC
mimetics are based on the structure of the four-amino acid terminus of SMAC (Ala-Val-
Pro-Ile). X-ray crystallography studies first suggested that SMAC mimetics would
activate caspase-3 by releasing this death protease from XIAP binding sites'*?"%.
However, subsequent studies showed that SMAC mimetics trigger apoptosis by
facilitating cIAP1/2 dimerization which enables their E3-ligase activities to produce the
hetero- and auto- ubiquitination and subsequent degradation of these proteins by the

proteasome’>.



1.5 cIAP1/2 promote macrophage survival
Evidence that cIAP1/2 regulate the survival of both normal and transformed (cancerous)
cells have fueled intense interest in the relative anti-apoptotic roles of these proteins®2°.

Single cIAP1 or cIAP2 nulls are viable. However, because the mouse genes encoding

cIAP1 and cIAP2 are only [15 kb apart on chromosome 9A2%, they operate as a single

locus (murine chromosomal location 9qA1), so it has not been possible to generate
cIAP1/cIAP2 double-knockout (DKO) mice by crossing single-KO strains”*’. Recently
developed transgenic mice in which critical exons of cIAP1 and cIAP2 are flanked by
distinct recombinase recognition sites (cIAP1'"** and cIAP2"™"™) have been used to
study the effects of global or cell-specific manipulation of cIAP1, cIAP2 or cIAP1/2 on
immune function””*’. Use of these mice has shown that global cIAP1/2 deletion caused
embryonic lethality between E10.5 and E11.5%. The death of cIAP1/2 DKOs was
rescued to birth by deletion of TNFR1, but not TNFR2, indicating that these anti-
apoptotic proteins restrain the pro-death effects of TNFR1 activation®’. Treatment of
primary cultures of bone marrow derived macrophages (BMDMs), differentiated with
L929 conditioned medium, with a SMAC mimetic showed that cIAP1/2 suppression
produced a transient elevation of TNF-a which triggered TNFR1-induced cell death®".
The importance of cIAP1/2 in conferring the resistance of macrophages to apoptosis is
further supported by two other lines of evidence. First, systemic administration of a
SMAC mimetic depletes these cells in mice™. Second, elevation of TNF-a levels by
injection of an oncolytic virus dramatically increased the ability of oral administration of
the SMAC mimetic LCL161 to kill cancer cells in a mouse tumor model®. These studies

further support a pivotal role for clAP1/2 in maintaining macrophage viability in the



presence of elevated TNF-a levels and the utility of a SMAC mimetic to investigate the
effects of cIAP1/2 inhibition on macrophage function®’. Lastly, L929 conditioned
medium is used as a source of M-CSF suggesting that cIAP1/2 suppression impairs the
survival of mildly-M1 polarized macrophages. However, treatment of BMDMSs with
specific cytokine combinations necessary to promote M1 or M2 macrophage polarization

is required to determine the effect of cIAP1/2 suppression on these processes.

One of the key functions of macrophages is their ability to produce pro-inflammatory
cytokines that mobilize immune events necessary to kill invading pathogens™*. However,
the presence of IAPs are required to protect macrophages from cytokine-induced cell
death. For instance, cIAP2 ablation renders macrophages highly-susceptible to cell death
by LPS. This enabled cIAP2 nulls to survive a toxic dose of LPS because macrophages
that propagate a “lethal cytokine storm” undergo massive apoptosis™. In the absence of
cIAP2, macrophages still produced a transient increase of TNF-a following stimulation
with LPS %. This finding suggests that ablation of just cIAP2 is sufficient to promote

macrophage apoptosis by increased TNFR1 activation™.

1.6 Pro-survival and pro-death signaling by the canonical and non-canonical NF-kB
pathways

The pro-survival effects of TNFR1 activation are mediated by activation of the canonical
NF-kB pathway which leads to the upregulation of pro-survival genes [cIAP2, FLICE-
like inhibitory protein (FLIP-2)] that oppose caspase-8 activation by blocking formation

of death-inducing complex IT'*?°. The heighted sensitivity of cIAP2 nulls to LPS-induced



macrophage cell death therefore suggests that cIAP2 deficiency is sufficient to permit
TNFR1-induced formation of the death-inducing complex II. Additionally, it has been
shown that inhibition of the NF-kB pathway alone does not lead to the release of SMAC
from mitochondria. Only in the presence of TNF-a is SMAC released that triggers
caspase-dependent death®. Based on these studies, it appears that cIAP2 deletion in the
presence of inflammatory conditions, or SMAC-mimetic-induced cIAP1/2 suppression
and TNF-a production, dysregulate the canonical NF-kB pathway resulting in formation
of death-inducing complex IT*****37 Hence in the absence of cIAP2, TNF-q fails to
increase the expression of pro-survival genes by the canonical NF-kB pathway (complex

I) and instead activates cell death via complex II signalling®2%-¢*".

In association with TRAF1/2, cIAP1/2 mediate the pro-survival effects of canonical NF-
kB signaling by preventing release of RIP1 from the TNFR1 complex by ubiquitinating
this kinase (Figure 1A)**. When cIAP1/2 levels are reduced, complex II canonical NF-kB
signaling is induced by the release of receptor-interacting protein kinase (RIP) that
associates with Fas-associated protein with death domain (FADD) and caspase-8 to form
complex Ila (ripotosome) to activate caspase-mediated apoptosis (Figure 1B)'**%%%,
However, RIP1 can also form a complex with RIP3 that induces necroptosis (complex I1b
or necrosome) which is unmasked by treatment with a caspase-8 inhibitor (Figure 1B)*.
Formation of the RIP1/3 complex IIb appears to be the main regulator of death in

cIAP1/2 null macrophages because deletion of RIP3 confers macrophages resistance to

SMA C-induced cell death’?.



In the non-canonical NF-kB pathway, cIAP1/2 in association with TRAF2/3 promotes
the ubiquitination of NF-kB-inducing kinase (NIK), preventing p100 to p52
conversion'****. Under cIAP1/2 null conditions, NIK accumulates, leading to p100 to
p52 conversion and activation of the non-canonical NF-kB pathway'*****. The non-
canonical NF-kB can influence cell survival as up-regulation of TNF-a occurs upon
activation. Subsequently, TNF-a can then activate TNFR1 in an autocrine/paracrine
manner’'. As previously mentioned, in the absence of cIAP1/2 proper canonical NF-kB
signalling through TNFR1 does not occur. Instead the pro-apoptotic complex II is
activated, causing cellular death. In these ways, clAP1/2 are strategically positioned to

exert exquisite control over both canonical and non-canonical NF-kB signalling.
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Figure 1: Regulation by cIAP1/2 of TNRF1-mediated activation of complex I and
complexes Ila and IIb. A) Under survival conditions, cIAP1/2 mediates the activation of
complex I by ubiquitinating RIP1 enabling this kinase to phosphorylate IkB resulting in
the degradation of this NK-kB inhibitor. The loss of [kB enables p50/RelA subunits to
translocate to the nucleus and upregulate the expression of pro-survival genes such as
FLIP that inhibit caspase-8. The presence of cIAP1/2 also prevents the formation and
activation of death-inducing complexes Ila (apoptosis) and IIb (necrosis). B) In the
absence of cIAP1/2, RIP1 is not ubiquitinated that blocks phosphorylation of IkB and the
release of p5S0/RelA necessary for pro-survival signaling. The reduced production of
FLIP combined with loss of cIAP1/2 allows caspase-8 to associate with FADD and
activate complex Ila-induced apoptosis. Necrotic death may also occur via formation of
complex IIb (FADD+RIP1+RIP3) that is enhanced by caspase-8 inhibition.
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1.7 Experimental autoimmune encephalomyelitis mouse model of multiple sclerosis
Multiple sclerosis (MS) is characterized by the autoimmune-mediated destruction of
myelin that surrounds axons in the central nervous system (CNS)*. Remyelination failure
with disease progression results in irreversible axon damage that causes permanent
neurological deficits™***. While the exact causes of MS are unknown, a combination of
genetic and environment factors have been implicated*’. Neuropathology features of MS
include disruption of the blood brain barrier (BBB), immune infiltration, demyelination
and axon damage that involves the activation of cells that comprise both the innate
(neutrophils, macrophages and dendritic cells) and adaptive (T-cells, B-cells) immune
systems™. The infiltration of innate immune cells is thought to be an early event that
primes-myelin reactive T cells responsible for autoimmune-mediated demyelination®.
Remyelination enables functional recovery, however, with repeated cycles of
autoimmune-mediated demyelination, remyelination fails resulting in axon damage and
persistent neurological impairments*. M1 macrophages release pro-inflammatory
mediators (nitric oxide and TNF-a) that damage myelin-producing oligodendrocytes and
oligodendrocyte progenitor cells essential for remyelination*’ while M2 macrophages
clear cellular debris and release anti-inflammatory cytokines [IL-10, transforming growth
factor-beta (TGF-PB)] that support remyelination*®. Understanding the signalling events
that regulate the polarization and survival of M1 and M2 macrophages may therefore

have profound therapeutic implications for MS®.

Experimental autoimmune encephalomyelitis (EAE) is a widely used animal model for

MS™. EAE is induced in mice by immunization with a 21-amino acid portion of myelin
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oligodendrocyte glycoprotein (MOGss.ss peptide) in complete Freund’s adjuvant in
combination with injections of pertussis toxin to promote opening of the BBB that results
in autoimmune-mediated demyelination, paralysis and motor deficits resembling MS*>*°.
Although no single animal model fully recapitulates the complex etiology of MS, mouse
EAE models haven been shown to reproduce immune events implicated in MS and
proven useful in the identification of clinically effective MS therapeutics™'. Like MS,
EAE causes BBB disruptions, immune infiltration and CD4" T cell- mediated
demyelination resulting in axonal damage*>%>?. Antigen presenting cells (APCs), such as
macrophages and dendritic cells, also key play important roles in the initiation,
progression and resolution of EAE™. I therefore employed a mouse model of MOGss.ss-
induced EAE to study the effects of suppression of cIAP1/2 by oral administration of the

SMAC mimetic LCL161 on disease severity, spinal cord M1 and M2 cytokine expression

and plasma concentrations of Th1 and Th2 cytokines and chemoattractants.

1.8 Rationale: Use of genetic cIAP2 ablation or LCL161-induced cIAP1/2
suppression to understand the roles of these anti-apoptotic proteins in M1 and M2
macrophage polarization

Many of the disease modifying therapies (DMT) that have been developed to treat MS
are immunomodulatory drugs that target peripheral events which contribute to
neuroinflammation®*~*. In MS, macrophages promote myelin damage and facilitate the
activation of T cells that drive autoimmunity. Although the activation of resident
macrophages (microglia) may contribute to the induction of neuroinflammation and the

subsequent resolution of neuroinflammation, the importance of infiltrating peripheral
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macrophages in promoting CNS damage and repair necessary for remyelination in MS is
better established™ . Understanding how M1 and M2 macrophage polarization is

regulated is therefore a major goal in MS research.

Early studies with the EAE model of MS demonstrated that macrophage depletion
delayed the onset and reduced the severity of clinical disease signs®’. More recent studies
suggest these benefits resulted from the loss pro-inflammatory M1-like macrophages and
have shown that enhancing the natural progression of macrophages from an M1-like to
M2-like state reduced inflammation and enhanced recovery in EAE mice’®>**®! One
drug that shifts macrophage polarization in this direction is fasudil, a selective Rho-
associated kinase inhibitor®’. Treatment of EAE mice with fasudil significantly delayed
disease onset and attenuated EAE progression by decreasing BBB permeability and
shifting macrophage polarization from an M1-like to M2-like state®®. This work lends

credence to the notion that altering macrophage polarization may be beneficial in

reducing EAE disease severity, and by extension, the treatment of MS.

As mentioned earlier, Conte et al. (2006) showed that cIAP2 null mice were resistant to
LPS-induced sepsis because pro-inflammatory macrophages were rendered highly
susceptible to TNFR1-induced cell death. In support of this finding, LPS-induced
increases in plasma pro-inflammatory cytokines and chemokines are blocked in cIAP2
nulls and suppression of cIAP1/2 levels with a SMAC mimetic attenuates the induction
of mRNAs encoding these proteins in BMDMs by LPS*®. These effects have been

attributed to induction of macrophage cell death by the activation of TNFR1-mediated
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death-inducing complex II in the absence of cIAP1/2°**’. Elevated TNF-a production
also activates and recruits macrophages to the CNS in both EAE and MS®. The absence
of cIAP2 might thus reduce EAE severity by reducing the resistance of pro-inflammatory
M1 macrophages to TNF-a-induced cell death®. However, our laboratory has observed
that cIAP2 nulls displayed increased rather than reduced EAE severity (Chedrawe et al.
2016; https://endms.confex.com/endms/2016/meetingapp.cgi/Paper/1113). I propose that
this finding reflects a more complex mechanism whereby cIAP2 loss elevates EAE
severity by impairing the balance between M1 and M2 macrophage function that both
exacerbates pro-inflammatory and disrupts anti-inflammatory processes. To address this
hypothesis, I have assessed the effects of genetic ablation of cIAP2 or SMAC mimetic-
induced cIAP1/2 suppression on M1 and M2 macrophage polarization and survival in
BMDMs and macrophages isolated from these cultures by immunopanning. These
studies were complemented by comparing disease severity, spinal cord M1 and M2
marker mRNA levels and plasma cytokine and chemoattract concentrations for EAE

mice treated orally with either vehicle or the SMAC mimetic LCL161.

1.9 Central hypothesis
Genetic ablation of cIAP2 or LCL161-induced cIAP1/2 suppression will impair M1 and
M2 macrophage polarization resulting in elevated disease severity for LCL161-treated

EAE mice.

1.10 Research aims

This central hypothesis was tested by completion of the following 5 research aims:
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Aim 1: Comparisons of the generation, differentiation and survival of macrophages and
dendritic cells in WT and cIAP2 null BMDMs cultured under mild or strong M1 or M2

polarizing conditions.

Aim 2: Comparisons of the generation and differentiation of macrophages isolated by
immunopanning from WT and cIAP2 null BMDMs cultured under mild or strong M1 or

M2 polarizing conditions.

Aim 3: Comparisons of the generation, differentiation and survival of macrophages
isolated by immunopanning from BMDMs cultured under mild or strong M1 or M2

polarizing conditions and treated with either vehicle or LCL161.

Aim 4: Comparisons of disease severity, liver clAP1/2 levels, spinal cord M1 and M2

marker mRNA levels and plasma cytokine and chemoattract concentrations for EAE

mice treated orally with either vehicle or LCL161.

Aim 5: Comparisons of the percentages of classical and non-classical monocytes isolated

from the spleens of EAE mice treated with either vehicle or LCL161
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CHAPTER 2: MATERIAL & METHODS

2.1 Bone marrow extraction and cytokine treatments to promote mild or strong M1
or M2 macrophage polarization

Wild-type (WT) C57BL/6 or cIAP2 null mice were euthanized with an over-dose
injection of pentobarbital (150 mg/kg) according to a protocol approved by the University
Committee on Laboratory Animals. Bone marrow was then rapidly extracted from the
femur and tibia by washing out the bone marrow with phosphate buffered saline
containing 0.2% ethylenediaminetetraacetic Acid (PBS-EDTA; Life Technologies). The
bone marrow was then vortexed, filtered through a 40 um nylon mesh and centrifuged at
400 xg for 8 min. The supernatant was removed and the resulting pellet was re-suspended
with 4 ml of sterile red cell lysis buffer for 15-20 min at room temperature.
Subsequently, PBS-EDTA (3 ml) was added and the cells were centrifuged as before.
Finally, the resulting pellet was re-suspended in 10 ml of Roswell Park Memorial
Institute medium (RPMI)-complete [RPMI media 1640; 10% FBS (Fetal Bovine Serum);
1% streptomycin - penicillin, 1% MEM Non-Essential Amino Acid, 1% Sodium
Pyruvate and 1% GlutaMax; Life Technologies]. Cells were plated on 6-well plates at a
density of 1x10° cells/well for the flow cytometry and qRT-PCR studies or on 10 cm
plates at a density of 6x10° cells/plate to obtain sufficient amounts of protein for western
blotting. Mild M1 or M2 polarizing conditions were produced by culturing the cells with
either RPMI-complete media + GM-CSF (200 ng/ml; Shenandoah Biotechnology Inc.) or
RPMI-complete media + M-CSF (100 ng/ml; Shenandoah Biotechnology Inc.),
respectively. Strong M1 and M2 macrophage polarization conditions were produced by

culturing the cells with RPMI-complete media + GM-CSF (20 ng/ml) + LPS (100 ng/ml;
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Sigma-Aldrich) or RPMI-complete media + M-CSF (100 ng/ml) + IL-4 (20 ng/ml;
Peprotech). Cells were cultured for 7 days (maturity), with half the media and cytokines
topped up on day 4. Once at maturity, the cells were stained immediately for flow
cytometry or stored at —80°C until qRT-PCR or western blot analyses. Statistical analysis
was performed using the Mann-Whitney U test to compare differences in macrophage

generation.
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Figure 2: Schematic representation of the cell culture protocol. Bone marrow was
extracted from the femur and tibia of WT C57BL/6 or cIAP2 null mice, purified, and
plated. Cells were plated with RPMI-complete containing either GM-CSF or M-CSF or
GM-CSF+LPS or M-CSF+IL-4 followed flow cytometry, qRT-PCR or western blotting
analyses 7 days later.
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2.2 Treatment of bone marrow derived macrophages with the SMAC mimetic
LCL161

To further explore the effects of cIAP2 deficiency on the polarization of bone marrow
derived macrophages (BMDMs), a subset of WT BMDM cells were treated with vehicle
(DMSO; 0.01%) or the SMAC mimetic LCL161 (10 uM; Novartis) for 24 hours (hr)
before collection. The SMAC mimetic was added on day 6 and cells were collected on

day 7 (maturity) for subsequent analyses.

2.3 LPS-induced cell death

To determine the effects of cIAP2 deficiency on the polarization of bone marrow
macrophages (BMDMs), a subset of WT BMDM cells treat with vehicle (DMSO; 0.01%)
or the SMAC mimetic LCL161 (10 uM; Novartis) were exposed to LPS (3 uM) for 4 hr.
Cells were then collected and stained immediately for flow cytometry as described
below. Statistical analysis was performed by Mann-Whitney U test to compare changes

in cellular death with significance at p<0.05.

2.4 Immunopanning

Immunopanning was performed using the F4/80 antibody to select for macrophages. On
culture Day 6, 10 cm petri dishes (Falcon) were prepared. The bottom of each dish was
coated by the addition of Tris (10 ml; 50 mM, pH 9.5) with F4/80 antibody (10 pg/ml;
eBioscience). The dishes were then sealed with parafilm and left at 4°C on a flat surface
for 24 hr. The Tris-F4/80 antibody solution was then removed and the plates washed 3

times with PBS (~1 ml/wash). On culture Day 7, cells were prepared for panning.
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Supernatants from 3 wells (~ 9 ml) were first removed and transferred to a polystyrene
tube (50 ml; Falcon). The remaining attached cells were dissociated from the cells by
incubation with TrypLE (1 ml/well; Life Technologies) at 37°C for ~10 min. The
loosened cells were then collected and combined with their respective supernatants. The
cells were then spun-down at 400 xg for 8 min, re-suspend in 4 ml RMPI-complete and
cell numbers counted using a hemocytometer and Trypan Blue Satin (Life Technologies).
The re-suspend cells were then added to the panning plates and allowed to incubate for 1
hr (swirling halfway through) at 37°C. Following this step, the supernatant was
transferred to a polystyrene tube (15 ml; Falcon) and the plate was washed with PBS (5-8
times). Each wash was combined with the supernatant. After performing a cell count, the
supernatant was spun down at 400 xg for 8 min, re-suspended in ~ 4 ml FACs buffer and
stained for flow cytometry. Adherent macrophages were removed from the F4/80
antibody coated-plates by the addition of Aurum™™ lysis solution (Bio-Rad) and stored at

-80°C until qRT-PCR analysis.
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Figure 3: Experimental protocol to select for macrophages in BMDMs cultures by
immunopanning with the F4/80 antibody. After 7 days in culture, cells from 3 wells of a
6-well plate were collected and combined. The cells were then plated on a 10 cm petri
dishes that were coated with the F4/80 antibody. After a 1 hr incubation at 37°C the
supernatant was removed and the adherent cell macrophages were lysed and collected for
qRT-PCR analyses.
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2.5 Quantitative Real Time Polymerase Chain Reaction (QRT-PCR)

Total RNA was extracted using the Aurum™ Total RNA Mini Kit (Bio-Rad) according
to the manufacture’s “Spin Protocol” instructions. Integrity of the resulting RNA was
then tested using the RNA StdSns analysis kit and the Experion™ Automated
Electrophoresis System (Bio-Rad). RNA with a passing (>7.5) RNA quality indicator
(RQI) was then tested for purity and concentration using an Epoch Microplate

Spectrophotometer (BioTek Instruments) or NanoDrop (Thermo Scientific).

After determining the RNA concentration, each sample was normalized to a
concentration of 500 ng or 750 ng of RNA per 16 pl volume (mix of RNA and NF H,0).
These normalized samples were then brought to a final volume of 20 pl with iScript™
Reverse Transcription Supermix for qRT-PCR (Bio-Rad) and cDNA synthesis was

performed according to instructions by the manufacture.

Finally, qRT-PCR was performed with SsoFast EvaGreen Supermix kit (Bio-Rad).
Individual genes (Table 1) were optimized for both annealing temperature and
concentration using the Bio-Rad CFX 96 real time system C1000 Touch thermal cycler.
A typical qRT-PCR program was 95°C x 30 s + (95°C x 5 s + 58°C x 5 s + plate
reading) x 40 cycles + melting curve (2 s stop with plate readings for every 0.5°C
increase from 65 °C to 95 °C). All gqRT-PCR protocols were done in accordance with the
MIQE guidelines®®. Analysis was performed with the Bio-Rad CEFX Manager 3.1
software using the ACq method. Each experiment was performed at least three times with
triplicate determinations from each sample. Statistical comparisons of fold changes in

mRNA levels were performed using unpaired t-tests with significance at p<0.05.
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Table 1: Forward and reverse primer sequences for M1/M2 markers, reference genes and

others.

M1

M2

CD38
F: TCTCTAGGAAAGCCCAGATCG
R: GTCCACACCAGGAGTGAGC
CD86
F: ACGATGGACCCCAGATGCACCA
R: GCGTCTCCACGGAAACAGCA
Fpr2
F: TCTACCATCTCCAGAGTTCTGTGG
R: TTACATCTACCACAATGTGAACTA
Gprl8
F: TGAAGCCCAAGGTCAAGGAGAAGT
R: TTCATGAGGAA GGTGGTGAAGGCT
NOS2
F: GTTCTCAGCCCAACAATACAAGA
R: GTGGACGGGTCGATGTCAC
TNF-a
F: CAGGCGGTGCCTATGTCTC
R: CGATCACCCCGAAGTTCAGTAG

CD206

F: TCAGCTATTGGACGCGAGGCA

R: TCCGGGTTGCAAGTTGCCGT
c-Myc

F: ACCCGCTCAACGACAGCAGC

R: CCGTGGGGAGGACTCGGAGG
Erg2

F: AGTTGTGGAGAGAGAAACAATC

R: ACACCATAGTCAATAAGCCATC
IL-10

F: ACAGCCGGGAAGACAATAACT

R: GCAGCTCTAGGAGCATGTGG
P2Y12

F: GTGTTGACACCAGGCACATC

R: TCCCGGAGACACTCATATCC

House Keeping (reference)

Other

GAPDH
F: AGGTCGGTGTGAACGGATTTG
R: GGGGTCGTTGATGGCAACA
p-actin
F: GTGACGTTGACATCCGTAAAGA
R: GCCGGACTCATCGTACTC
HPRT1
F: TCAGTCAACGGGGGACATAAA
R: GGGGCTGTACTGCTTAACCAG
B2M
F: TTCTGGTGCTTGTCTCACTGA
R: GGGGCTGTACTGCTTAACCAG
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cIAP-2

F: TGAAGAGTGCTGACACCTTTG

R: GGAAAAGCTGAATACGTGGACAA
MCP-1

F: TCTGGGCCTGCTGTTCACA

R: GGCGTTAACTGCATCTGGCT



2.6 Flow Cytometry

The media from each well was removed and placed in a polystyrene tube (5 ml; Falcon).
Adherent cells were removed by incubation with TrypLE (1 ml; Life Technologies) for
~10 min at 37°C. These cells were then collected and combined with the corresponding
media. The tubes were brought to a final volume of 2 ml by the addition of FACS buffer
(PBS + 5 ml EDTA + 5 ml FBS) before being spun down at 500 xg for 5 min at 4°C
(wash step). The resulting supernatant was removed and Fc block (eBioscience) was
added. The tubes were vortexed and left to incubate for 30 min at 4°C, followed by a
wash step. The cells were then stained extracellularly with antibodies for CD11b
(eBioscience) and F4/80 (eBioscience). Subsets of spleen samples were also stained with
antibodies against Ly6C (eBioscience) and Ly6G (eBioscience). Next, the cells were
incubated with fixation buffer (eBioscience) for 30 min and washed a final time. The
tubes were then brought to a final volume of 400 pl with FACs buffer and analyzed.
Some cells were also stained with the apoptosis marker Annexin V (PE Annexin V
Apoptosis Detection Kit I (BD Pharmingen)) and the viability marker 7-AAD and
analyzed without fixation within 1 hr. Samples were read using the BD FACSAria III and
analyzed using FCS Express software. Non-stained samples were used as controls. For all
samples 10 000 events (aka. single cells) were analyzed by dot plot or histogram analysis.
Dot plot analysis sorts cells based on the expression levels of two specific markers where,
cells located higher on the y-axis or further along the x-axis express more of the marker
of interest. Histogram analysis sorts cells based on cell count and one marker of interest.
All statistical analysis for flow cytometry results were performed using Mann-Whitney U

test with significance at p<0.05.
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2.7 Western Blotting

Western blotting was performed using a slightly-modified version of the General
Protocol for Western Blotting (Bio-Rad). Protein was collected from cells lysed with
RIPA buffer (SigmaFAST & Phenylmethanesulfonyl fluoride protein inhibitors; Sigma-
Aldrich). Protein concentrations were then determined with the Bio-Rad Protein Assay
according to the manufacturer’s instructions using an Epoch Microplate

Spectrophotometer (BioTek Instruments).

Each lane of the gel was loaded with 20 pg of protein. Gels were then run at 55 V for
about 4 hr in Laemmli sample buffer (Bio-Rad) followed by transfer to a nylon
membrane (350 mA for ~1.5 hr). Following protein transfer, the membrane was blocked
with 5% milk protein (dissolved in TBS-T) on a shaker for 1 hr, washed with TBS-T and
then incubated overnight at 4°C with antibody against anti-BIRC3 (aka, cIAP2; 0.5
ug/ml, LifeSpan BioSicence). After a wash with TBS-T, the membrane was incubated
with the 2° antibody (0.5 pg/ml Peroxidase Anti-mouse IgG (H+L); Vector Laboratories)
at room temperature for 1hr. Following the final wash with TBS-T, the membrane was
incubated with Amersham™ ECL™ Prime Western Blotting Detection Reagent (GE
healthcare) solution A and B (1:1 ration; 1 ml/sample) for 5 min room temperature and
then imaged using the ChemiDoc™ Touch imaging system (Bio-Rad). After imaging the
membrane, it was washed in TBS-T then incubated overnight (4°C) with 0.5 pg/ml
Monoclonal Anti-f-Actin antibody (Sigma-Aldrich). The same 2° antibody was used to

visualize B-Actin the following day.
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2.8 Experimental Autoimmune Encephalomyelitis (EAE)

The EAE protocol was approved by the University Committee on Laboratory Animal.
C57BL/6 mice were obtained from Charles River and allowed to habituate to the facility
for seven days before experiments commenced. The cIAP2 null colony was maintained in
house. EAE was induced in these mice as previously described®’. Adult female mice (20
g) were injected with amino acids 35-55 (MEVGWYRSPFS- RVVHLYRNGK) of
myelin oligodendrocyte glycoprotein (MOGss_ss; Gen Script) to induce EAE. Animals
injected with complete Freund’s adjuvant (CFA) served as antigen controls. CFA was
prepared by mixing incomplete Freund’s adjuvant (Difco Laboratories) with heat-killed
Mycobacterium tuberculosis H37RA (Difco Laboratories) at a 10 mg/ml concentration.
MOGss.ss was dissolved in sterile PBS at a concentration of 3 mg/ml and emulsified in a
1:1 ratio with complete Freund’s adjuvant (CFA). The MOGss.ss/CFA emulsion was
delivered via two subcutaneous (sc) injections (100 pl/injection) on both sides of the base
of the tail so that each mouse received a total of 300 ug of MOGss.ss. For the antigen
controls, CFA was injected in the same manner. All mice were injected intraperitoneally
with 300 ng of (1.5 pg/ml) pertussis toxin (PTX; Sigma) on day 0 and 2 post-
immunization (DPI 0 and 2). LCL161 treated-mice were orally gavaged with this SMAC
mimetic (50 mg/kg) starting at post-immunization day 1 (DPI 1) and again every third
day until the end the end of the experiment (DPI 30). LCL161 was suspended in in
NEOBEE" 1053 (Stepan Company) and delivered in volume of 100 ul. Control mice
received only NEOBEE. Statistical comparisons of clinical score were performed using
the Wilcoxon Test (significance at p<(0.05), which compares the mean clinical scores of

EAE mice treated with vehicle to those treated with LCL161.
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2.9 Care of EAE mice

Upon disease onset, all mice were given access to mash, hand-fed with DietGel Boost
(ClearH20) and given injections of 0.9% sodium chloride solution (sc) as necessary to
maintain hydration. A humane end-point was reached when: 1) weight loss exceeded
20% of the starting weight; 2) if a clinical score of 5 was reached; 3) if a mouse was
unable to right itself; or 4) unable to access food and water for 24 hr. Clinical scores for
each mouse was determined by changes in motor function using an 11-point ordinal
scale: 0, no motor deficits; 0.5, hooked tail; 1.0, fully flaccid tail; 1.5, bilateral hind limb
splay; 2.0, minor walking deficits; 2.5, major walking deficits; 3.0, dropped pelvis; 3.5,
unilateral hind limb paralysis; 4.0, bilateral hind limb paralysis; 4.5, forelimb paralysis;

and 5.0, moribund. Those assessing the mice were blinded to the treatment groups.

2.10 Tissue Collection and Analysis

Mice were humanely killed at DPI 15 or 30 by intraperitoneal injection of an overdose of
pentobarbital (150 mg/kg). Blood was then collected via cardiac heart puncture and
centrifuged at 1000 rpm for 10 min at 4°C to isolate the plasma which was stored at
-80°C. The spleen was also removed and weighed. Each spleen was washed with PBS to
collect the splenocytes that were then centrifuged at 400 xg for 8 min. After removing the
supernatant, red cell lysis buffer (4 ml) was added for 15-20 min at room temperature.
Subsequently, PBS-EDTA (3 ml) was added and the cells were centrifuged as before.
The cells were then lysed in Aurum"" lysis solution (Bio-Rad) and stored at -80°C until
performing qRT-PCR. Additionally, subsets of spleens were collected for flow

cytometry. These spleens were mashed and filtered through a 40 um nylon mesh,
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centrifuged at 400 xg for 8 min, then suspended in red blood cell lysis buffer (4 ml).
Twenty minutes later, the cells were washed and stained for flow cytometry as described
above. Protein was also extracted from liver samples. Livers were homogenized to a
single cell suspension with the BeadBug™ Microtube Homogenizer (ThermoFisher)
using 1 ml PBS (Bio-Rad) and silicone beads. The resulting suspension was then
transferred to a 1.5 ml micro-centrifuge tube and stored at -80°C until western blotting.
Finally, the marrow from spinal cords was collected and homogenized to a single cell
suspension with the BeadBug™ Microtube Homogenizer (ThermoFisher) using 1 ml
Trizol (Bio-Rad) and silicone beads. mRNA was extracted with the Aurum'™ Total RNA

Fatty and Fibrous Tissue Kit (Bio-Rad) for gRT-PCR analysis as described above.

2.11 Multiplexed enzyme-linked immunosorbent assays

A multiplex enzyme-linked immunosorbent assay (ELISA) was performed using the Bio-
Plex Pro™ Mouse Cytokine Group! Panel 23-plex (Bio-Rad) kit to measure the relative
concentrations (pg/ml) of 23 cytokines: IL-1a, IL-1p, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9,
IL-10, IL-12p40, IL-12p70, IL-13, IL-17A, Eotaxin, G-CSF, GM-CSF, IFN-y, KC, MCP-
1, MIP-1a, MIP-1B, RANTES and TNF- a. Blood plasma was collected from mice at DPI
15 for the following 4 treatment conditions: CFA + vehicle, CFA + LCL161, EAE +
vehicle and EAE + LCL161. All procedures were done in accordance with the
manufacturer’s instructions and analyzed using a Bio-Plex® 200 system. Statistical

analysis was performed by unpaired t-test to assess changes in cytokine concentration.
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CHAPTER 3: RESULTS

3.1 cIAP2 ablation reduced macrophage generation from BMDM:s cultured under
mild M1 polarizing conditions

The percentages of macrophages generated by either mild M1 (GM-CSF) or mild M2
(M-CSF) polarizing conditions in BMDM cultures derived from both wild-type (WT)
C57BL/6 mice or cIAP2 nulls were compared (Figure 4). Representative flow cytometry
analyses (dot plots) show the gating used to count M1 (pink boxes) and M2 (light blue
boxes) macrophages detected by double-labeling with antibodies against CD11b (general
myeloid marker) and F4/80 (macrophage specific marker; Figure 4A). The x-axis
(CD11b) and y-axis (F4/80) applies to each individual dot plot. The percentages of
macrophage in BMDMs cultured under either mild M1 or mild M2 polarizing conditions
were determined from the dot plots (Figure 4B). Under mild M1 polarizing conditions, a
lower percentage of macrophages was generated from cIAP2 null (~20%) than WT
(~30%) cultures (Figure 4B). By comparison, higher percentages of macrophages were
observed in both WT and cIAP2 nulls BMDMs cultured under mild M2 polarizing
conditions with just over 95% double-positive cells detected for these two genotypes

(Figure 4B).

3.2 cIAP2 null BMDMs exposed to strong M2 polarizing conditions displayed
reduced macrophage generation relative to WT cultures

Subsequently, the percentages of macrophages generated by either strong M1 (GM-
CSF+LPS) or strong M2 (M-CSF+IL-4) polarizing conditions in WT BMDM and cIAP2

null cultures were compared (Figure 5). Representative flow cytometry analyses (dot
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plots) show the gating for M1 (red boxes) and M2 (blue boxes) macrophages detected by
double-labeling with antibodies against CD11b and F4/80 (Figure 5A). The x-axis
(CD11b) and y-axis (F4/80) applies to each individual dot plot. The percentages of
double-positive cells in the BMDM cultures are presented in Figure 5B. By comparison
to mild M1 or M2 polarizing conditions, higher percentages of macrophages were
generated by strong M1 or M2 polarizing conditions. Unlike mild M1 polarization
conditions for which fewer macrophages were produced in cIAP2 null than WT BMDMs,
comparable percentages of double-positive cells were observed in WT (~68%) and cIAP2
null (~64%) BMDMs cultured under strong M1 polarizing conditions (Figure 5B).
However, under strong M2 polarizing conditions a lower percentage of macrophages was

generated in cIAP2 null (~87%) than WT BMDM cultures (~96%; Figure 5B).
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Figure 5: Flow cytometry analyses of WT and cIAP2 null BMDMSs double-labelled with
antibodies against CD11b and F4/80 that were cultured under strong M1 (GM-CSF+LPS)
or M2 (M-CSF+IL-4) polarizing conditions. A) Representative flow cytometry analyses
(dot plots) showing the gating for M1 (red boxes) and M2 (blue boxes) double-positive
macrophages. Percentages in lower right quadrants correspond to cells immunopositive
for just CD11b. B) Percentages of double-positive cells generated from WT or cIAP2 null
BMDMs cultured under strong M1 (GM-CSF+LPS) or M2 (M-CSF+IL-4) polarizing
conditions. **p<0.01, Mann-Whitney U test (n=4)
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3.3 cIAP2 ablation increased BMDM apoptosis under strong M2 polarizing
conditions

The loss of cIAP2 may have increased apoptotic cell death, thus contributing to the
decreased generation of macrophages in BMDMs cultured under mild M1 (Figure 4B)
and strong M2 (Figure 5B) polarizing conditions. BMDM cultures derived from WT and
cIAP2 null mice were stained with Annexin V to detect apoptotic cells (Figure 6). The
percentages of Annexin V positive cells were similar for WT and cIAP2 null BMDMs
cultured under mild M1 (GM-CSF; ~8-15%), strong M1 (GM-CSF+LPS; ~15%) or mild
M2 (M-CSF; ~10%) polarizing conditions. However, under strong M2 polarizing
conditions (M-CSF+IL-4) the percentages of Annexin V positive cells were increased for

cIAP2 null (~18%) relative to WT BMDM cultures (~8%).
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3.4 cIAP2 deficiency impaired BMDM differentiation by strong M1 and M2
polarizing conditions

After 7 days in culture, BMDMs cultured under strong M1 or M2 polarizing conditions
were collected and analyzed for levels of M1 and M2 mRNA markers by qRT-PCR.
Differences in TNF-a, CD86, P2Y 12, IL-10 and CD206 expression under strong M1
(GM-CSF+LPS) or M2 (M-CSF+IL-4) polarizing conditions are expressed relative to
mRNA levels for cultures maintained under mild M1 (GM-CSF) or M2 (M-CSF)
polarizing conditions, respectively. Statistical comparisons were only made between WT
and cIAP2 null BMDMs cultured under either strong M1 or M2 polarizing conditions.
Under strong M1 polarizing conditions, cIAP2 null cells displayed reduced M1 (TNF-a.
and CD86) marker mRNA levels relative to WT cultures (Figure 7A and C). By contrast,
mRNA levels for the M2 markers P2Y 12, IL-10 and CD206 were elevated for cIAP2 null
compared to WT BMDMs (Figure 7B, D and E). Under strong M2 polarizing conditions,
cIAP2 null BMDMs showed reduced mRNA levels for CD86 (M1 marker) as well as
P2Y12 and IL-10 (M2 markers), relative to WT cultures, suggesting a failure of both M1
and M2 polarization. The expression of cIAP2 in WT cells under M1 and M2 polarizing
conditions was also examined (Figure 8). cIAP2 mRNA levels were similar under strong

M1 and M2 polarizing conditions.
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Figure 8: cIAP2 mRNA levels for BMDMSs grown under strong M1 (GM-CSF+LPS) or
M2 (M-CSF+IL-4) polarizing conditions expressed relative to cultures maintained under
mild M1 (GM-CSF) or M2 (M-CSF) polarizing condition, respectively. Unpaired t-test
(n=3).
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3.5 Macrophage selection of BMDM cultures by immunopanning

To select for macrophages, BMDM cultures were immunopanned with the F4/80
antibody that binds the macrophage-specitfic EGF-like module-containing mucin-like
hormone receptor-like 1°*. After 7 days of culture, BMDMs were collected and plated on
petri dishes coated with the F4/80 antibody to isolate macrophage cells. After 1 hr, non-
adherent cells located in the supernatant were removed, stained with antibodies against
CD11b and F4/80 and analyzed by flow cytometry for double-positive cells
(macrophages). Figure 9 shows representative flow cytometry analyses (dot plots) of
double-positive (CD11b and F4/80) macrophages in the supernatant of non-
immunopanned and immunopanned BMDMs cultures. Gating used to measure
macrophages produced by mildly M1 or M2 polarizing conditions are indicated by pink
and light blue boxes, respectively (Figure 9A). Gating used to quantify macrophages
generated by strong M1 or M2 polarizing conditions are represented by red and blue
boxes, respectively (Figure 9B). The x-axis (CD11b) and y-axis (F4/80) applies to each
individual dot plot (Figure 9A and B). Relative to the percentages of macrophages in the
supernatants of non-immunopanned BMDMs, immunopanned BMDM cultures showed
reduced supernatant macrophage percentages: mild M1 (29.04%-17.75%), mild M2
(84.35%-78.13%), strong M1 (52.70%-24.82%) and strong M2 (92.69%-84.35%). The
relative smaller decreases in the macrophage percentages produced by immunopanning
for mild M2 and strong M2 polarized cultures may reflect the higher numbers of
macrophages in these cultures that saturated F4/80 binding sites thus leaving more
macrophages in the supernatant. These findings indirectly support the effectiveness of my

immunopanning technique by showing that the adherence of macrophages to F4/80
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coated-dishes depleted macrophage percentages in the supernatant. These macrophage-

purified BMDMs will be termed mpBMDMs.
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3.6 cIAP2 null mpBMDMs displayed enhanced M1 and M2 marker expression
under M2 polarizing conditions

In the next series of studies, the effects of cIAP2 loss on M1 and M2 polarization for
mpBMDMs was determined. Following 7 days in culture under strong M1 or M2
polarizing conditions, mpBMDMs were generated by immunopanning and analyzed for
M1 and M2 marker mRNA levels by qRT-PCR (Figure 10). As in the previous
experiments, M1 and M2 mRNA levels for strongly M1 or M2 polarized cultures are
expressed as changes relative to values for cultures maintained under mild M1 (GM-CSF)
or M2 (M-CSF) polarizing conditions, respectively. Additional M1 (CD38, Gprl8) and
M2 (c-Myc, Erg2) markers were used to improve the detection of M1 and M2
mpBMDMs. Unlike non-immunopanned BMDMs (Figure 7), the levels of M1 marker
mRNAs (TNF-a, Gprl8, CD38) were similar for WT and cIAP2 null mpBMDMs
following strong M1 polarizing conditions (Figure 10A, C and E). This suggests that
contamination by non-macrophage immune cell populations, such as dendritic cells, may
have contributed to the reductions in M1 marker mRNA levels observed in non-
immunopanned BMDMs derived from cIAP2 nulls. In stark contrast to non-
immunopanned BMDMs for which strong M2 polarization reduced the expression of
both M1 (CD86; Figure 7C) and M2 (P2Y 12 and IL-10; Figure 7B and D) markers in
cIAP2 null relative to WT BMDMs, both M1 (TNF-a, Gpr18 and CD38) and M2 (c-
Myc, IL-10 and Egr-2) markers were elevated in cIAP2 null compared to WT
mpBMDMs (Figure 10A-F). The overall expression for M1 markers (TNF-a, 3.9; Gprl8,
9.7; CD 38, 19.3) was higher than that for M2 markers (c-Myc, 6.4; IL-10, 4.0; Erg2, 1.8)

suggesting that cAP2 null macrophages adopted a more M1 than M2 state under strong
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M2 polarization conditions. Lastly, WT cells displayed higher clAP2 levels when

cultured under strong M1 than M2 polarizing conditions.

42



M-CSF+IL-4
M-CSF+IL-4
M-CSF+IL-4

GM-CSF+LPS
GM-CSF+LPS
GM-CSF+LPS

S ®w o w 9
N - - o o

09 0} uoissaidxg aAle|dy |oJ3uo9 0} uoissaidx3 aaneoy |o13u09 0} uoissaidxg dAie|OY

(] (T

M-CSF+IL-4

n
o
|
+
w
[72]
Q
=
[V

< o < bid <
o - - o o
|oJju0) 0} uoissaidx3 aAne|ey

O

M-CSF+IL-4
M-CSF+IL-4
M-CSF+IL-4

GM-CSF+LPS
GM-CSF+LPS
GM-CSF+LPS

w o wn o wn (=] w o n =]
N N - -

09 0} uoissaldxg aAedy |os3uo) o} uoissaidxy aAnedYy |o13u09 0} uoissaidxg aAne|oy

(@) L




3.7 cIAP1 and cIAP2 protein levels were reduced in WT BMDMs treated with
LCL161

To test the ability of the SMAC mimetic LCL161 to reduce cIAP1 and cIAP2 (cIAP1/2)
protein levels, WT BMDM cultures were treated with LCL161 and analyzed by western
blotting. Vehicle (DMSO, 0.01%) or LCL161 (10 uM) was added to WT BMDM on
culture day 6 for 24 hr. On culture day 7, BMDMs were collected for protein extraction.
Relative to WT cultures exposed to strong M1 polarizing conditions, LCL161 reduced
both cIAP1/2 protein levels in BMDMs cultured under mild M1, mild M2, and strong M 1
polarizing conditions (Figure 11). Sufficient protein levels could not be collected for

LCL161 treated BMDMSs cultured under strong M2 polarizing conditions.

44



LCL161

WT WT WT WT WT
(GM-CSF (M-CSF) (GM-CSF) (M-CSF (GM-CSF
+LPS) +IL-4)  +LPS)

% TeTES, Detectable
. Not
B-Actin m— | ﬁ @ Detectable Q J

Figure 11: Effects of treatment with the SMAC-mimetic LCL161 (10 uM) for 24 hr on
clAP1/2 levels in BMDMs. Western blots for cIAP1/2 levels in WT BMDMs + vehicle
cultured under strong M1 conditions, WT BMDMs + LCL161 cultured under mild M1,
mild M2 or strong M1 conditions. $-Actin served as the loading control.
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3.8 Immunopanning also reduced macrophage percentages in the supernatants of
cultures treated with LCL161

The SMAC mimetic LCL161 was used to acutely suppress both cIAP1 and cIAP2
(cIAP1/2) levels in WT BMDMs. WT BMDMs were cultured in the presence of vehicle
(DMSO, 0.01%) or LCL161 (10 uM) for 24 hr, immunopanned and the supernatant
collected for flow cytometry analyses. Figure 12 shows representative flow cytometry
analyses (dot plots) of double-positive (CD11b and F4/80) macrophages in the
supernatants of non-immunopanned and immunopanned BMDMSs cultures treated with
LCL161. Macrophage gating for mildly polarizing M1 and M2 conditions are represented
by pink and light blue boxes, respectively (Figure 12A). Macrophage gating for strong
M1 and M2 polarizing conditions are represented by red and blue boxes, respectively
(Figure 12B). The x-axis (CD11b) and y-axis (F4/80) applies to each individual dot plot
(Figure 12A and B). Relative to non-immunopanned cultures, the percentages of double-
positive cells were reduced in the supernatants for all immunopanned cultures: mild M1
(23.82%-14.89%), mild M2 (64.48%-35.59%), strong M1 (50.71%-25.75%), strong M2

(63.70%-29.07%).
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3.9 Acute suppression of cIAP1/2 levels with LCL161 induced a bias towards M1
polarization

Following immunopanning, the effects LCL161 (10 uM for 24 hr) on the polarization of
mpBMDMs were determined by qRT-PCR measurements of M1 and M2 marker mRNA
levels. Under strong M1 polarizing conditions, treatment with LCL161 enhanced M1
marker expression (TNF-a and CD38; Figure 13A and E), compared to vehicle-treated
mpBMDMs. Although not statistical significant, mRNA levels for the M1 marker Gpr18
also showed a trend for increased levels (p=0.066; Figure 13C). By contrast, mnRNA
levels for the M2 marker c-Myc were decreased in LCL161-treated cultures grown under
strong M1 polarization conditions (Figure 13B). Collectively, these changes in M1 and
M2 mRNA expression support a bias towards M1 following the acute inhibition of
clAP1/2 levels by LCL161. Lastly, under strong M1 polarization conditions, clAP2
mRNA levels were enhanced by LCL161 suggestive of a compensatory increase in
transcription resulting for the enhanced proteosomal-mediated degradation of cIAP2
induced by this SMAC mimetic'**°. Under strong M2 polarizing conditions sufficient
mRNA could not be collected from LCL161 treated cells. Therefore, how LCL161
treatment effects macrophage polarization, compared to vehicle treated cells, could not be

determined.
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3.10 Acute suppression of cIAP1/2 levels with LCL161 enhanced apoptosis in
BMDMs cultured under strong M2 polarizing conditions

Elevated apoptotic death was detected in cIAP2 null BMDMs exposed to strong M2
polarization conditions (Figure 6). Since both cIAP1 and cIAP2 levels are suppressed by
LCL161 (Figure 11), the dual reduction in these proteins may have promoted massive
apoptotic cell death resulting in the failure to detect M1 and M2 marker mRNA levels in
mpBMDMs obtained from cultures grown under strong M2 polarizing conditions (Figure
13). To determine the apoptotic status of LCL161-treated cultures, WT BMDMs were
treated with LCL161 (10 uM) for 24 hr then analyzed by flow cytometry for Annexin V
(apoptosis marker). The percentages of Annexin V positive BMDMs (CD11b", F4/80")
were elevated in LCL161-treated cultures grown under mild M1, strong M1 or mild M2
conditions (~30-40%; Figure 14) compared to untreated WT BMDMs (~10-15%; Figure
6). Moreover, under strong M2 polarizing conditions the percentage of apoptotic cells
(~76%) in BMDMs treated with LCL161 was dramatically elevated compared to
untreated-WT BMDMs (~8%) and cIAP2 null (~18%) BMDMs (Figure 6). Finally,
LCL161 treatment elevated the percentage of apoptotic macrophages in BMDMs cultured
under strong M2 (~76%) relative to mild M2 (~40%) polarizing conditions (Figure 14).
Hence, the massive death of macrophages detected in cultures growth under strong M2
conditions appeared to account for the failure to detect M1 and M2 marker mRNAs under

strong M2 polarizing conditions (Figure 13A-F).
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Figure 14: The apoptosis marker Annexin V was used to assess the effects of treatment
for 24 hr with the SMAC-mimetic LCL161 (10 uM) on WT BMDMs cultured under mild
M1, strong M1, mild M2 or strong M2 polarizing conditions. After gating for double-
positive macrophage cells (CD11b+, F4/80+), the percentages of Annexin V positive
cells were determined. *p<0.05, Mann-Whitney U test (n=3).
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3.11 EAE mice dosed with LCL161 exhibited increased disease severity

EAE was induced in WT female C57BL/6 mice by immunization with MOGg3s._ss
followed one day later (day-post immunization 1; DPI 1) by the start of oral dosing with
either vehicle (100 ul, NEOBEE) or LCL161 (50 mg/kg) that were administered every
third day thereafter. The effects of LCL161 on the expression of M1 and M2 markers in
the spinal cord and circulating cytokine levels were examined at peak disease (DPI 15).
Relative to vehicle-treated mice, LCL161 elevated clinical scores from DPI 12-15 (Figure
15A). Liver, spinal cords, blood and spleens from these mice where harvested at DPI 15
to assess cIAP1/2 levels and immune status at peak disease. To determine the effect of
LCL161 on EAE disease progression beyond DPI 15, a second series of EAE mice were
treated with vehicle or LCL161 and monitored until DPI 30. In this experiment, LCL161-
treated EAE mice displayed earlier disease onset and more severe clinical signs from DPI
11-30 than vehicle-treated EAE mice (Figure 15B). Western blotting of liver samples
taken from these mice confirmed a reduction in cIAP1/2 protein levels by LCL161
treatment (Figure 15C). Immunization controls that received just CFA followed by
treatment with either vehicle or LCL161 did not develop EAE and maintained a clinical

score of 0 for the entire time course (data not shown).
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3.12 LCL161 administration enhanced CD38 expression in the spinal cords of EAE
mice

The spinal cords from mice sacrificed at DPI 15 were collected and analyzed for M1 and
M2 marker mRNA levels by qRT-PCR. CFA-treated mice served as MOGss.ss antigen
controls. For CFA controls, LCL161 reduced TNFa and elevated GPR18 relative to
vehicle-treated mice (Figure 16B and F). For EAE mice, LCL161 increased CD38 (M1
marker) mRNA levels relative to vehicle-treated animals (Figure 16A). There were no
differences between mRNA levels for all other M1 markers (TNF-a, Fpr2, CD86, NOS2
and Gprl8) between LCL161- and vehicle-treated EAE mice (Figure 16B-F. There were
also no differences in mRNA levels for M2 markers (Erg2, P2Y 12, and c-Myc; Figure
17A-C) mRNA and the chemoattractant MCP-1 (Figure 17D) between EAE mice that
received vehicle or LCL161. However, mRNA levels for the M2 markers Erg2 and c-
Myc were elevated in CFA mice treated with LCL161 compared to CFA animals given

vehicle (Figure 17A and B).
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on spinal cord M2 marker (A-C) and chemoattractant MCP-1 (D) mRNA levels in CFA
and EAE mice at DPI 15. *p<0.05, **p<0.01, unpaired t-test (n=8-10).
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3.13 LCL161 suppressed both Th1 and Th2 cytokine concentrations in EAE mice
Blood was also collected at DPI 15 to assess plasma cytokine concentrations by
multiplexed ELISAs. The cytokines analyses were broadly classified into four categories:
Th1 cytokines, Th2 cytokines, growth and differentiation cytokines and chemoattractant
markers. Statistical comparisons were only made between vehicle and LCL161 treated
animals for both CFA and EAE disease conditions. Concentrations of the pro-
inflammatory (Th1) cytokines TNF-a, IFN-y and IL-1§ (Figure 18; A, B and D) were
reduced in EAE mice dosed with LCL161 compared to EAE mice that received vehicle.
Interestingly, IL-12p40 concentrations were elevated in vehicle-treated relative to
LCL161-treated CFA mice while LCL161 had the reverse effects on EAE mice (Figure
18E). By contrast, the opposite trends were observed for IL-12p70 (Figure 18F). These
results may be explained by the antagonistic action of IL-12p40 on activation of the IL-
12 receptor by IL-12p70%°. LCL161 did not altered concentrations for the remaining Th1
cytokines IL-1a and IL-17A (Figure 18C and G). LCL161-treated EAE mice also
displayed reduced concentrations of the anti-inflammatory (Th2) cytokines IL-10, IL-13
and IL-5 (Figure 19A-C). These findings indicate that LCL161 disrupted both pro- and
anti-inflammatory immune responses in EAE animals. Additionally, the concentrations of
both IL-6 and IL-3, cytokines related to growth and differentiation, were reduced by
LCL161 treatment in EAE mice (Figure 20A and B). However, GM-CSF concentrations
were not changed by LCL161 (Figure 20C). Finally, plasma concentrations of the
chemoattractants CXCL1, CCL2, CCL3, CCL4, CCL5 and Eotaxin were measured
(Figure 21A-F). Only CXCL1 and CCL4 concentrations were reduced in LCL161-treated

relative to vehicle-treated EAE mice (Figure 21A and D).
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Figure 18: Effects of oral administration of vehicle (blue bars) or LCL161 (green bars)
on plasma concentrations for the pro-inflammatory Th1 cytokines TNF-a, IFN-y, IL-1a,

IL-1p, IL-12p40, IL-12p70 and IL-17A (A-G) in CFA and EAE mice at DPI 15. *p<0.05,
unpaired t-test (n=8-10).
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Figure 19: Effects of oral administration of vehicle (blue bars) or LCL161 (green bars)
on plasma concentrations for the Th2 anti-inflammatory cytokines IL-10, IL-13 and IL-5
(A-C) in CFA and EAE mice at DPI 15. *p<0.05, unpaired t-test, (n=8-10).
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Figure 20: Effects of oral administration of vehicle (blue bars) or LCL161 (green bars)
on plasma concentrations for the growth and differentiation cytokines IL-6, IL-3 and
GM-CSF (A-C) in CFA and EAE mice at DPI 15. *p<0.05, unpaired t-test (n=8-10).
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Figure 21: Effects of oral administration of vehicle (green bars) or LCL161 (blue bars)
on plasma concentrations for the for CXCL1, CCL2, CCL3, CCL4, CCLS5 and Eotaxin
(A-F) in CFA and EAE mice at DPI 15. *p<0.05, unpaired t-test (n=8-10).



3.14 LCL161 treatment increased Ly6C"° monocytes in EAE mice

Spleens from EAE mice treated with either vehicle or LCL161 were collected on DPI 15
and processed into single-cell suspensions. These cells were then stained with antibodies
against CD11b, Ly6G and Ly6C and analyzed by flow cytometry to determine if the
percentages of monocyte subsets in EAE mice were influenced by LCL161 treatment.
Ly6G and Ly6C are two members of the Ly6 family of type V glycophosphatidylinositol
anchored cell surface proteins that comprise the GR1 (granulocyte marker) complex.
These markers are frequently used to identify various classes of peripheral immune cells
such as neutrophils, eosinophils and monocytes. There are two main subtypes of
monocytes (classical and non-classical) which can mature into macrophages. Since both
of classical and non-classical monocytes are involved in the initiation and resolution of
inflammation’*"", flow cytometry was used to determine the relative the percentages for
each of these monocyte subsets (Figure 22A). First, dead cells were gated out using FSC
(forward scatter) vs. SSC (side scatter) sorting which separates cells by size and
complexity, respectively. Neutrophils were excluded by gating on CDIIb"*, Ly6G"°®
cells. These CDIIb"*, Ly6G°® cells were then further separated into Ly6C"* and SCC"°
populations using Ly6C vs. SSC sorting to exclude eosinophils. The percentages of each
monocyte subtype [classical (CDIIb"™, Ly6G e, Ly6C™, SSC™°); non-classical (CDIIb™,
Ly6GN, Ly6C™°, SSC™° Ly6C™ and Ly6C"°)] were then determined (Figure 22B). The
percentages of classical monocytes were similar for EAE mice that received LCL161 or
vehicle (Figure 22B). However, non-classical monocytes were elevated in LCL161-

relative to vehicle-treated EAE mice (Figure 22B).
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3.15 Treatment with LCL161 increased BMDM necrosis in cultures exposed to a
lethal concentration of LPS

In a final experiment, the potential ability of LCL161 to shift cell death produced by
exposure to a lethal concentration of LPS from apoptosis to necrosis was investigated.
BMDMs, extracted from WT C57BL/6 mice, were cultured for 7 days under mild M1,
strong M1, mild M2 or strong M2 polarizing conditions. Half the cultures were treated
with either vehicle (0.01% DMSO) or LCL161 (10 uM) on day 6 for 24 hr. On day 7 all
cultures were treated with LPS (10 pg/ml for 4 hr) followed by flow cytometry to
determine the percentages macrophage cells (CD11b", F4/80") that were immunopositive
for Annexin V (apoptosis marker) and/or 7-AAD (necrosis marker). The ratio of Annexin
V positive cells to 7-AAD positive cells were used to calculate Apoptotic Necrotic Index
(ANI) values using the simple formula [ANI = (Annexin V' cells/7-AAD" cells) -1].
Positive ANI values indicated predominant apoptotic cell death while negative values
represented chiefly necrotic cell death. Under mild M1 or M2 polarizing conditions,
LCL161 did not significantly alter the ANIs relative to vehicle-treated BMDMs (Figure
23). However, there were non-significant statistical trends towards reduced apoptosis and
increased necrosis (lower or negative ANIs) for BMDMs treated with LCL161 (mild M1,
0.41; mild M2, -0.19) compared to vehicle-treated BMDMs [mild M1, 0.75 (p = 0.08);
mild M2, 0.02 (p = 0.09)]. In contrast to mildly polarizing conditions, under strong M1
and M2 polarizing conditions, BMDMs treated with LCL161 were mostly necrotic
(strong M1, -0.19; strong M2, -0.14) while vehicle-treated BMDMs were mainly
apoptotic (strong M1, 0.41; strong M2, 0.70). These findings suggest that clAP1/2

suppression induces a shift of LPS-induced death from apoptosis to necrosis.
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Figure 23: Effects of exposure to a lethal concentration of LPS (10 png/ml) for 4 hr on the
apoptosis and necrosis of BMDMs cultured under mild M1, strong M1, mild M2 or
strong M2 polarizing conditions that were treated with vehicle or LCL161. After gating
for double-positive macrophage cells (CD11b", F4/80") the percentages of Annexin
(apoptosis marker) and 7AAD (necrosis) positive cells were determined. The Apoptotic
Necrotic Index Values for each of the 8 culture conditions are shown. *p<0.05, Mann-
Whitney U test (n=3).
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CHAPTER 4: DISCUSSION

4.1 Determining the effects of clAP2 suppression on M1 and M2 macrophage
polarization

It is well established that monocyte-derived macrophages (resident microglia and
infiltrating macrophages) are the predominant inflammatory cells in active and chronic
demyelinating MS plaques™ ' Based on experimentation with the EAE model, M1
macrophages are thought to promote CNS damage in MS by releasing pro-inflammatory
mediators such as nitric oxide, TNF-a and IL-B>>*. By contrast, M2 macrophages
release anti-inflammatory cytokines (IL-4, IL-10, IL-13) that resolve CNS inflammation
and stimulate myelin repair resulting in the recovery of neurological function in EAE
mice’* %! Since macrophages are plastic, capable of shifting their polarization state
within an M1-to-M2 spectrum, altering macrophage polarization towards an M2 state
may have therapeutic potential for the treatment of MS”>"%. The anti-apoptotic proteins
cIAP1 and cIAP2 (cIAP1/2) promote innate immunity by protecting macrophages from
FAS-, Toll-4- and TNF-a-induced cell death®~*"*. These findings suggest that treatments
which suppress cIAP1/2 levels may impact MS disease course by promoting the
apoptotic elimination of macrophages’*””. However, the relative effects of cIAP1/2
suppression on the polarization of M1 and M2 macrophages are not known. I therefore
determined whether genetic ablation of cIAP2 or pharmacological suppression of

cIAP1/2 levels altered M1 and M2 polarization and EAE disease severity.
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4.2 cIAP2 deficiency impaired the generation of macrophages in BMDMs cultured
under mild M1 or strong M2 polarizing conditions

First, the production of macrophages in BMDMs derived from WT and cIAP2 null mice
cultured under mild M1 or M2 macrophage polarizing conditions were compared. While
cIAP2 ablation did not alter the generation of macrophages under mild M2 (M-CSF)
polarization, cIAP2 loss reduced the generation of macrophages from BMDMs cultured
under mild M1 (GM-CSF) polarizing conditions (Figure 4). cIAP2 expression is not
induced by GM-CSF in innate immune cells’®. Furthermore, cIAP2 deletion did not
promote the apoptosis of BMDMs cultured under mild M1 polarizing conditions (Figure
6). These findings suggest that the impaired differentiation of hematopoietic stems cells
(HSCs), rather than increased macrophage apoptosis, reduced M1 polarization in cIAP2
null BMDMs. However, under strong M1 polarizing (GM-CSF+LPS) conditions, no
difference was found between the percentages macrophages generated in WT and cIAP2
null BMDMs (Figure 5). The percentages of apoptotic macrophages were also similar in
WT and cIAP2 null BMDMs (Figure 6). This result is consistent with evidence that the
concentration of LPS (10 ng/ml) used in my studies to induce strong M1 polarization
conditions does not trigger the death of peritoneal macrophages isolated from cIAP2 null
mice »*. However, the ablation of cIAP2 did decrease the production of macrophage in
BMDMs cultured under strong M2 (M-CSF+IL-4) polarizing conditions (Figure 5).
Unlike mild M1 polarization conditions, apoptotic macrophages were more prevalent in
cIAP2 null than WT BMDMs cultured under strong M2 polarizing conditions. This
finding indicates that cIAP2 deficiency impaired the survival of macrophages in BMDMs

cultured under strong M2 polarizing conditions. Although the effect of cIAP2 deletion on
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the survival of macrophages exposed to IL-4 has not be previously reported, IL-4 is
known to increase the resistance of colon rectal cancer cells by elevating levels of the

IAP family member survivin’’.

4.3 Ablation of cIAP2 biases the polarization of BMDMs to an M2-like state

I next employed qRT-PCR to measure levels of M1 and M2 mRNA markers in WT and
cIAP2 null BMDMs cultured under strong M1 or M2 polarizing conditions. These studies
indicated that cIAP2 deficiency altered BMDM differentiation by either strong M1 or
strong M2 polarizing conditions. Under strong M1 polarizing conditions, cIAP2 null
BMDMs displayed reduced M1 marker mRNA levels and enhanced M2 marker mRNA
levels compared to WT BMDMs (Figure 7). These results suggest that under strong M1
conditions, cIAP2 null BMDMs adopted an M2-like state. Interestingly, under strong M2
polarizing conditions, cIAP2 null BMDMs showed suppressed mRNA levels for both M1
and M2 markers relative to WT cultures. This suggests a failure of both M1 and M2
polarization. My flow cytometry studies indicated that the increased susceptibility of
cIAP2 null BMDMs to apoptotic elimination may have contributed to these findings
(Figure 6). However, potential effects of cIAP2 loss on the differentiation of HSCs in
BMDM cultures cannot be ruled out. In summary, clAP2 loss impaired the ability of

BMDMs to respond appropriately to both M1 and M2 polarizing conditions.

4.4 Immunopanning of BMDM cultures to isolate macrophages

Bone marrow primarily consists of HSCs which can differentiate into a variety of cells

types. HSCs cultured with GM-CSF differentiate not only into M1-like macrophages but
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also bone marrow-derived dendritic cells®*’®. Addition of LPS increased the generation
of double-positive CD11b, F4/80 macrophages from ~22-25% (Figure 4A, GM-CSF) to
~64-65% (Figure 5A, GM-CSF+LPS). This was accompanied by a reduction in single
positive CD11b cells (dendritic cells) from ~71-72% (Figure 4A, GM-CSF) to ~23-27%
(Figure 5SA, GM-CSF+LPS). Since dendritic cells (DCs) also express M1 and M2
markers (TNF-a, IL-10, CD86, CD206) and depend on cIAP1/2 for apoptotic resistance,
DCs are an additional source of M1 and M2 marker mRNAs in BMDMs'™'. To ensure
macrophages were the primary source of M1 and M2 mRNA marker expression, BMDM
cultures were immunopanned using the F4/80 antibody to select macrophages. Flow
cytometry was used to assess the efficiency of immunopanning by comparing the
percentages of macrophages and DCs in the supernatants of non-immunopanned and
immunopanned BMDM cultures. Immunopanning reduced the percentage of double-
positive CD11b and F4/80 cells (macrophages) and increased the percentages of single-
positive CD11b cells (DCs) in the supernatants of BMDMs (Figure 9). These findings
provide indirect evidence that macrophages, and not DCs, were isolated by

immunopanning. These macrophage-purified BMDMs were termed mpBMDMs.

4.5 Strong M1 or M2 polarizing conditions have distinct effects on M1 and M2
mRNA expression profiles in non-immunopanned and immunopanned BMDMs
Unlike non-immunopanned cIAP2 null BMDMs that displayed enhanced M2 marker
mRNA levels under strong M1 conditions (Figure 7B, D and E), M1 marker mRNA
levels were similar for WT and cIAP2 null mpBMDMs (Figure 10B, D and F).

Macrophage enrichment by immunopanning thus indicated that clAP2 deletion did not
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disrupt the strong M1 polarization of these immune cells by GM-CSF+LPS. In stark
contrast, cIAP2 null mpBMDMs displayed profoundly impaired polarization by strong
M2 (M-CSF+IL-4) conditions. Both M1 and M2 marker mRNA levels were elevated in
cIAP2 null compared to WT mpBMDMs (Figure 10A-F). By comparison, non-
immunopanned cIAP2 null BMDMs showed reduced M2 marker expression under strong
M2 polarizing conditions. Although both M1 and M2 mRNA markers were elevated in
cIAP2 null mpBMDMs, the overall increase in mRNA levels was higher for M1 than M2
markers suggesting cIAP2 null cells adopted a more M1 than M2 state under strong M2
polarization conditions. This enhanced generation of pro-inflammatory M1 macrophages
in cIAP2 null mpBMDMs aligns with the elevated EAE disease severity of cIAP2 null
relative to WT mice (Figure 15A and B). cIAP2 deletion therefore appears to promote
M1 macrophage polarization under conditions that normally favour M2 polarization.
However, the concurrent induction of M2 polarization produced by cIAP2 loss suggests
that an imbalance between M1 and M2 macrophage function may have further
contributed to increased EAE disease severity in cIAP2 null animals. The mRNA levels
for cIAP2 in WT cells were also measured in mpBMDMs cultured under strong M1 and
M2 polarizing conditions. WT mpBMDMs displayed higher cIAP2 levels when cultured
under strong M1 than M2 polarizing conditions (Figure 10G). This finding is consistent

with evidence that LPS activates cIAP2 expression in peritoneal macrophages™.

70



4.6 Suppression of cIAP1/2 protein levels in BMDMs with the SMAC mimetic
LCL161 induced an M1 macrophage polarization bias

The next set of experiments aimed to determine if treatment of BMDMSs with a SMAC
mimetic yielded the same results produced by genetic ablation of cIAP2. cIAP1/2 both
have E3 ligase activity that is stimulated by the SMAC mimetic LCL161, resulting in
auto-ubiquitination of these proteins that targets them for degradation by the
proteasome” . Western blot analysis showed that cIAP1/2 protein levels were reduced in
WT BMDMs treated with LCL161 for 24 hr (Figure 11). To ensure that LCL161
treatment did not interfere with the immunopanning process, the supernatants of non-
immunopanned and immunopanned BMDMs were collected and analyzed by flow
cytometry as previously described. As was the case for BMDMs not treated with a
SMAC mimetic (Figure 9), immunopanning successfully reduced macrophage and
increased single-immunopositive CD11b cells (DCs) percentages in the supernatants of
cultures grown under either mild or strong M1 or M2 polarizing conditions and then
treated with LCL161 (Figure 12). Following immunopanning, the adherent macrophage
cells were analyzed by qRT-PCR as previously discussed. Under strong M1 culture
conditions, acute suppression of clIAP1/2 levels with LCL161 selectively increased the
expression of M1 markers (TNF-a and c-Myc) in mpBMDMs indicating a bias towards
M1 polarization (Figure 13A and B). These results differ from those obtained with cIAP2
null mpBMDMs in which strong M1 polarization was unaltered (Figure 10A-C).
However, these findings are consistent with a previous report showing that suppression of
cIAP1/2 by a chemically-related SMAC mimetic blocked M2 polarization in favour of

M1 polarization®”. Additionally, treatment of peripheral blood mononuclear cells with
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LCL161 has been shown to enhance the production of pro-inflammatory Thl cytokines
thus supporting the upregulation of M1 markers seen in LCL161-treated BMDM

cultures?®®’,

4.7 LCL161 massively increased the apoptosis of macrophages in BMDMs cultured
under strong M2 polarizing conditions

Following treatment with LCL161, it was not possible to detect mRNAs encoding M1
and M2 markers as well as cIAP2 by qRT-PCR in mpBMDMs isolated from BMDMs
cultured under strong M2 polarizing conditions (Figure 13A-G). Subsequent flow
cytometry revealed that LCL161 treatment promoted a massive increase in the apoptotic
death of macrophages (80% Annexin V-positive) detected in BMDMs cultured under
strong M2 polarizing conditions (Figure 14). Relative to macrophages in cIAP2 null
BMDM cultures (Figure 6), the percentages of apoptotic macrophages were increased by
LCL161 for WT BMDMs cultured under mild or strong M1 and M2 polarizing
conditions (Figure 14). The loss of cIAP1/2 thus dramatically reduced the resistance of
macrophages to apoptotic death. In the future, it will be important to determine the effects
of lower concentrations of LCL161 (<10 uM) that modestly reduce apoptotic resistance
on M1 and M2 macrophage polarization. In summary, these data support a pivotal role
for cIAP1/2 in M2 polarization by showing that loss of these anti-apoptotic proteins shifts
macrophage polarization towards an M1 state by promoting the apoptotic elimination of

M2 macrophages.
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4.8 Oral administration of LCL161 increased EAE disease severity

Mice subjected to EAE where dosed orally with LCL161 to determine the effects of
reduced cIAP1/2 levels on disease progression. In a first experiment, EAE mice were
sacrificed at DPI 15 to allow the harvesting of blood, liver and spinal cords at peak
disease. EAE severity was elevated by LCL161 from DPI 12-15 (Figure 15A). Ina
second experiment, mice were dosed with LCL161 till DPI 30 to examine disease
severity at later time points. LCL161-treated mice in this experiment also exhibited
increased EAE disease severity characterized by earlier disease onset and impaired
recovery at DPI 30 relative to vehicle-treated EAE mice (Figure 15B). Western blot
analysis confirmed that cIAP1/2 protein levels in the liver were reduced for LCL161-
EAE relative to vehicle-EAE mice (Figure 15C). Suppression of cIAP1/2 levels therefore

enhanced paralysis and motor deficits in this mouse model of MS.

4.9 LCL161 increased CD38 expression in the spinal cords and suppressed plasma
Th1 and Th2 cytokine concentrations for EAE mice

Oral administration of LCL161 enhanced expression of CD38 (M1 marker) in the spinal
cords of EAE mice at DPI 15 (Figure 16A). There was also a non-significant trend
towards increased expression of the M1 marker Fpr2 in LCL161-treated, relative to
vehicle-treated, EAE mice (p=0.08; Figure 16C). These findings suggest that LCL161
increased M1 macrophage-mediated spinal cord inflammation may have contributed to
increased EAE disease severity. LCL141 also modestly impacted M1 marker expression
in the spinal cords of MOGss_ss antigen controls (CFA mice). However, the inconsistent

effects of LCL161 on M1 marker mRNA levels (reduced TNF-a and elevated Gprl8;

73



Figure 16B and F) in CFA mice rendered clear interpretation of these results difficult. In
addition, M2 marker (Egr2 and c-Myc) mRNA levels were elevated in the spinal cords of
LCL161-CFA, relative to vehicle-CFA, mice (Figure 17A and B). These results were
unexpected because for mpBMDMs, LCL161 promoted M1 rather than M2 macrophage
polarization (Figure 13A and E). Nevertheless, these findings are consistent with altered
innate immune function in healthy mice treated with LCL161%°. Although LCL161
increased M1 macrophage polarization in vitro and promoted M1-mediated inflammation
in the spinal cords of EAE mice, oral administration of this SMAC mimetic reduced the
plasma concentrations in EAE mice for both pro- and anti-inflammatory cytokines,
termed Th1 and Th2 cytokines. Relative to vehicle-treated EAE mice, LCL161-treated
mice showed decreased plasma concentrations of both Th1 [TNF-a, IFN-y, IL-1p and IL-
12p70 (Figure 18A, B, D and F); IL-6 (Figure 20A)] and Th2 [IL-10, IL-13 and IL-5
(Figure 19A-C); IL-3 (Figure 20B)] cytokines. In addition, LCL161 reduced plasma
levels of the chemoattractants CXCL1 (KC) and CCL-4 (MIP-1b; Figure 21A and D).
Despite increased EAE severity at DPI 15, LCL161 therefore produced an unexpected

reduction of overall immune function at this peak disease time point.

These findings indicate the limitations of in vitro experimentation for predicting the
complex effects of systemically administered LCL161 on the immune function of EAE
mice. Macrophages are only a subset of the various immune cell populations implicated
in EAE and MS™. The complex effects of cIAP2 on M1 and M2 polarization are
supported by the differing effects of cIAP2 deletion on M1 and M2 marker mRNA levels

in non-immunopanned and immunopanned cIAP2 null BMDMs (Figures 7 and 10). The
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presence of DCs in BMDMs and their absence in mpBMDMs may have contributed to
these disparate findings. Since cIAP1/2 regulate the survival of many other immune cell
types such as DCs, natural killer cells, neutrophils, T and B lymphocytes, the altered
function of these various immune cell subtypes may have contributed to the suppression
of both Th1 and Th2 cytokines by LCL161 in EAE mice'**'**. Future studies should
therefore address the effects of LCL161 on the function of these immune cells

populations in EAE mice.

4.10 LCL161 treatment did not alter levels of Ly6CHi monocytes but increased
Ly6C"° monocytes in EAE mice

Monocyte derived macrophages are generated from two distinct population subsets which
originate in the bone marrow™". The first are Ly6C™ (classical) monocytes which become
tissue resident macrophages during inflammation. In EAE, the production of Ly6C™
monocytes is key to disease development because depletion of these monocytes leads to
EAE resistance™'". Though Ly6C™ monocytes are primarily inflammatory cells, this
monocyte subtype can also promote the resolution of inflammation’®. In the context of
EAE, the internalization of myelin by differentiated Ly6C™" monocytes promotes their
polarization to an anti-inflammatory state’®>>°. Furthermore, in spinal cord injury
models, Ly6C™ monocytes differentiate into M2 macrophages that are necessary for the
resolution of inflammation and tissue repair. Ly6C™ monocytes may therefore activate
or dampen the immune response, depending on the polarization cues that are present’®.
Flow cytometry analysis indicated that there was no difference between the percentage of

Ly6C™ cells in vehicle-EAE and LCL161-EAE mice (Figure 22B). This suggests that
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treatment with LCL161 does not influence Ly6C"" monocytes generation. The other main
subset of monocytes is Ly6C"° (non-classical) monocytes which monitor the vascular
endothelium and are typically considered precursors to M2 macrophages™ *'°. However,
Ly6C™ monocytes have been shown to activate the innate immune system by responding
to local danger signals and initiating the recruitment of inflammatory cells>>"""®. This
was the case in a mouse model of autoimmune arthritis where Ly6C"° monocyte
infiltration is responsible for disease progression’". Unlike Ly6C" monocytes, LCL161-
treated EAE mice showed an increased percentage of Ly6C"° monocytes (Figure 22B).
Therefore, it is possible that an elevation of Ly6C"° monocytes by LCL161 contributes to
enhanced EAE disease severity. Future flow cytometry studies should use additional
antibodies (i.e. CXCL3, CCL2, and MHCII) to determine if treatment with LCL161 alters

the polarization of Ly6C™" and Ly6C™° monocytes.

4.11 Suppression of cIAP1/2 levels with LCL161 converted the mode of cell death
for LPS-treated BMDMs from apoptosis to necrosis

The suppression of cIAP1/2 may also exacerbate EAE disease by altering the mode of
macrophage cell death. Apoptosis results in the removal of cells by preserving the cell
membrane while necrosis ruptures the plasma membrane resulting in the release of
intracellular contents that promote inflammation'®. Results from this study, as well as the
findings of other laboratories, indicate that cIAP2 loss, induced either genetically or
pharmacologically, reduces blood monocyte viability, especially under strong M2
polarizing conditions®~**’. A reduction in cIAP2 levels promotes the clean elimination

of cells by apoptosis**. However, the suppression of cIAP1/2 in macrophages may shift
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their mode of cellular death from apoptosis to necrosis resulting in inflammatory
damage®*?’. To determine if treatment with LCL161 enhanced macrophage necrosis,
BMDMs were treated with either vehicle or LCL161 and exposed to a lethal
concentration of LPS (10 pg/ml). Compared to vehicle-treated BMDMs cultured under
mild M1 or M2 polarizing conditions BMDMs treated, LCL161 did not alter the mode of
cell death (positive ANIs indicating apoptosis, Figure 23). However, BMDMs cultured
under strong M1 and M2 polarizing conditions and treated with LCL161 were
significantly more necrotic then vehicle-treated BMDMs (Figure 23). Intercellular
contents (DNA, mitochondria) released from necrotic cells activate pattern recognition
receptors on immune cells including macrophages, DCs and neutrophils cells resulting in
an injurious inflammatory response®. These findings suggest that the induction of
necrosis within the spinal cord by LCL161 may have contributed to enhanced
neuroinflammation and elevated disease severity for EAE mice treated with LCL161.
Future studies employing histological markers that detect necrotic immune cells in the
spinal cords of vehicle-EAE and LCL161-EAE mice will be required to test this

hypothesis.

4.12 NF-kB pathway involvement in macrophage polarization and survival
Activation of the TNF-a receptor 1 (TNFR1) and Toll-4 receptor promote the
polarization of M1-like macrophages by initiating the canonical NF-kB pathway*®. The
canonical NF-xB pathway is activated by a large receptor complex that triggers the
ubiquitin-mediated degradation of the inhibitor of NF-kB (IxB) which releases the

p50/p65 subunits of NF-kB*’. These NF-kB subunits then migrate to the nucleus and
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activate target genes such as TNF-a™®. This creates a feedforward cycle of enhanced
TNF-a synthesis and TNFR1 activation necessary for M1 macrophage polarization.
cIAP1/2 are required for NF-kB signaling to promote survival via the transcription of
anti-apoptotic genes such as c-FLIPY. These signaling pathways also modulate the
transcription of cytokines and chemokines. In the absence of cIAP1/2, TNFR1 stimulates
the formation and subsequent activation of the death inducing complex (complex
[I/ripoptosome) that triggers caspase-mediated apoptosis®. The development of
transgenic mice enabling the depletion of either cIAP1 or cIAP2 or cIAP1/2 has enabled
studies that have shown that cIAP1 is most important in permitting activation of the
canonical NF-kB pathway®'. Unlike cIAPI that is generated at constant levels, cIAP2 has
low constitute expression and is upregulated by TNRF1 and Toll-4-mediated activation
of the canonical (p50/p65) NE-kB pathway'>*". This enables cIAP2 to further support
activation of the canonical NF-xB pathway by suppressing apoptosis'?. Consistent with
my findings, loss of cIAP2 has been shown to promotes the apoptosis of macrophages by

TLR-4 and TNFRI1 activation®.

cIAP1/2 also modulate activity of the non-canonical NF-xB pathway. In addition to
TNFR1, macrophages have a second class of TNF-a receptors known as TNFR2%.
TNFR2 activation stimulates the non-canonical NF-kB pathway by triggering proteolytic
processing of the inactive p100/RelB dimers into active p52/RelB NF-kB complexes’".
TNFR2-induced non-canonical NF-«xB signalling is enhanced by TNFR 1-mediated
induction of the canonical NF-kB pathway’'. SMAC mimetics increase TNFR2-induced

activation of the non-canonical NF-kB pathway in macrophages maintained under mild
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M1 polarizing conditions®’*. Using a selective ligand for TNFR2 (TNC-sc(mu) TNF80),
suppression of cIAP1/2 was found to promote mild cell death that was enhanced by
caspase inhibition with zVAD-fimk’?. Caspase inhibition with zZVAD-fmk enhanced
TNFR2-induced cell death by promoting a form of necrosis called necroptosis’. Since
LPS-induces TNF-a synthesis, these findings suggest that activation of the non-canonical
NF-kB pathway may have contributed to the increase of LPS-induced macrophage cell
death in LCL161-treated BMDMSs by inducing necroptosis. My findings further suggest
that TNFR2-mediated macrophage necroptosis in LCL161-treated BMDMs is enhanced
by exposure to strong M1 or M2 polarizing conditions (Figure 23). Future studies that
employ necrostatin, a small molecule inhibitor of necroptosis, will be required to test this

hypothesis”.

4.13 Regulation of dendritic cell and neutrophil cell function by cIAP1/2

Denderitic cells (DCs) are an important class of antigen-presenting cells that play a key
role in the activation of pro-inflammatory immune cells**. It has been observed that DCs
accumulate in the spinal cords of EAE mice that results in the activation of T-cells*. As
with macrophages, progenitors in the bone marrow give rise to DCs that release pro-
inflammatory cytokines necessary for immune activation®". The survival of these
progenitor cells, necessary for the generation of DCs, is also supported by cIAP1/2%'. The
suppression of cIAP1/2 levels by treatment with LCL161 may thus have reduced plasma
pro-inflammatory cytokines levels by prohibiting DC survival. Furthermore, their
elimination by necroptosis rather than apoptosis in the presence of LCL161 may have

exacerbated inflammatory damage in the spinal cord.
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During early to peak EAE disease, increased neutrophil colony expansion and infiltration
within demyelination lesions are observed’™”°. Neutrophil infiltration has been linked to
neuroinflammation that is resolved by the apoptotic removal of these cells. These
processes are regulated by cIAP1/2 in neutrophils®’’. Therefore, suppression of cIAP1/2
levels in LCL161-treated EAE may have reduced neutrophil survival and thus reduced
their ability to produce pro-inflammatory cytokines. Additionally, phagocytosis of
apoptotic neutrophils by macrophages is required to prevent the secondary necrosis of
apoptotic neutrophils. This not only prevents the release of pro-inflammatory intracellular
contents during necrosis but also shifts macrophage polarization to an anti-inflammatory
M2 state’®. However, if macrophage polarization and function are impaired by cIAP1/2
loss, as suggested by my in vitro studies, it is possible that macrophages were unable to

properly phagocytosis neutrophils resulting in elevated spinal cord damage.

4.14 The potential role of cIAP1/2 in oligodendrocyte cell survival

MS and EAE are characterized by the autoimmune-mediated destruction of myelin-
producing oligodendrocytes that insulate axons in the brain and spinal cord resulting in
the impaired propagation of action potentials and neurological deficits*. Remyelination
is therefore essential for functional recovery in both MS and EAE*'%. The proliferation,
differentiation, migration and survival of oligodendrocyte progenitor cells (OPCs)
required for remyelination are highly influenced by the inflammatory status of their local
microenvironment. For example, cytokines released by M2 macrophages promote OPC

62,101
1%+

proliferation, maturation and surviva while M2 macrophage depletion impairs OPC

101

differentiation = . Disrupted M2 macrophage polarization by LCL161 may thus have
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exacerbated EAE severity by blocking remyelination. DCs and neutrophils also regulate
OPC function and survival providing a further mechanism for the deleterious effects of
LCL161 on disease severity in EAE mice'*”. TNF-a signaling via TNFR2 stimulates
OPC differentiation required for remyelination in EAE mice'®”. Since cIAP1/2 block
necroptosis by TNFR2-mediated activation of the non-canonical NF-kB pathway’,
LCL161-induced cIAP1/2 suppression may have inhibited remyelination by inducing
OPC necroptosis. It would therefore be worthwhile to test the effects LCL161 on OPC
differentiation and survival to determine if this mechanism may contribute to increased
EAE severity. Future studies should also examine the relative roles cIAP1 and cIAP2 in
the regulation of OPC and oligodendrocyte cell survival. The recent development of
cIAP1/cIAP2"™ " mice allows the cell-specific deletion of either cIAP1 and/or
cIAP2 by crossing these mice with transgenic lines that express the Cre and/or Flippase
recombinase(s) under control of a cell-specific promoter™. Use of these experimental
approaches would make it possible to study the relative roles played by cIAP1/2 in the

survival of macrophages, DCs, neutrophils and oligodendrocytes in EAE.

4.15 Conclusions

Genetic ablation of cIAP2 has been found to increase disease severity in models of
inflammatory bowel disease'**'*. My study is the first to show that cIAP1/2 suppression
also elevates EAE disease severity. Genetic deletion of cIAP2 or pharmacological
suppression of cIAP1/2 disrupted M1 and M2 macrophage polarization and survival in
vitro. However, it is unclear how impaired M1 and M2 macrophage polarization may

have contributed to the effects of LCL161 on EAE mice. For instance, genetic ablation of
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cIAP2 and suppression of cIAP1/2 with LCL161 both biased the polarization of
mpBMDMs to an M1-like state. However, LCL161 treatment only elevated mRNA
levels for the M1 marker CD38 with a non-significant trend toward increased Fpr2
mRNA levels and failed to increase the expression of M1 markers such as TNF-a, CD86,
NOS2 and Gprl18, in the spinal cords of EAE mice (Figure 16). Furthermore, plasma
concentration of both Th1 and Th2 cytokines as well as several chemoattractants were
reduced by LCL161 in EAE mice at peak disease (Figures 18-21). These findings suggest
that in the context of EAE, LCL161 treatment caused a general suppression of immune
function. This was unexpected because elevated plasma pro-inflammatory cytokines
levels are correlated with increased EAE severity at peak disease'®. The discrepancies
between my in vitro and in vivo data may therefore be explained by the reductive nature

of cell culture studies that are unable to model in vivo events.

The regulation of cellular events responsible for autoimmune-mediate demyelination
EAE are highly-complex, involving interactions between multiple immune cell subtypes,
pro-inflammatory and anti-inflammatory mediators, OPCs and oligodendrocytes. Since
cIAP1/2 are ubiquitous regulators of cell survival, the effects of LCL161 on EAE mice
may therefore represent the effects of cIAP1/2 suppression on many cell types. Though
my studies only showed that cIAP1/2 suppression interfered with macrophage
polarization and promoted their apoptotic and necrotic cell death, it is possible that other
immune cell subtypes such as DCs, neutrophils and lymphocytes in EAE mice may have
suffered similar fates following treatment with LCL161. The death of these cells could

potentially explain the general suppression of both pro- and anti-inflammatory immune
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cytokine plasma concentrations despite increased EAE disease severity. Within the spinal
cord, enhanced necrosis of resident and infiltrating immune cells may have increased
EAE disease severity by promoting inflammatory damage. cIAP1/2 inhibition may have
also impaired the differentiation and survival of OPCs necessary for remyelination and
functional recovery. Lastly, protection of oligodendrocytes by the systemic
administration of leukemia inhibitory factor in a model of spinal cord injury is
accompanied by the induction of cIAP2 in these cells'®”. Assuming that LCL161 reaches
efficacious concentrations in the spinal cord following oral administration, LCL161 may
therefore have increase EAE severity by inhibiting the pro-survival effects of cIAP2 on
oligodendrocytes. Additional studies described in the previous sections are thus
warranted to examine the effects of SMAC mimetics on the viability status of immune

cells, OPCs and oligodendrocytes in EAE mice.

SMAC mimetics have shown early promise in the treatment of patients with sarcomas,
carcinomas and lymphomas'*'®. These compounds may be particularly useful in the
management of cancers resistant to traditional chemotherapeutics'”. However, my
findings suggest that SMAC mimetics may exacerbate neurological deficits in patients
with MS. It is therefore critical that the precise mechanisms by which SMAC mimetics

worsen autoimmune-immune demyelination be established.
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