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Peptide-based immunotherapy against oxidized elastin amelior ates pathology in mouse
model of smoke-induced ocular injury.
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ABSTRACT

Purpose: Age-related macular degeneration (AMD), the leadiagse of blindness in western
populations, is associated with an overactive cempht system, and an increase in circulating
antibodies against certain epitopes, includingtelag\s loss of the elastin layer of Bruch’s
membrane (BrM) has been reported in aging and AM® previously showed that
immunization with elastin peptide oxidatively madd by cigarette smoke (ox-elastin),
exacerbated ocular pathology in the smoke-induaedao pathology (SIOP) model. Here we
asked whether ox-elastin peptide-based immunotlge(Bjpr) ameliorates damage.

Methods: C57BL/6J mice were injected with ox-elastin peptidt two doses via weekly
subcutaneous administration, while exposed to ettgmrsmoke for 6 months. fR and
uninjected C57BL/6J mice served as controls. Retm@phology was assessed by by electron
microscopy, and complement activation, antibodyodémn and mechanisms of immunological
tolerance were assessed by Western blotting an8ALI

Results: Elimination of Fgreceptors, preventing antigen/antibody-dependeribtaxicity,
protected against SIOP. Mice receiving PIT with lalese ox-elastin (LD-PIT) exhibited
reduced humoral immunity, reduced complement aitimaand IgG/IgM deposition in the
RPE/choroid, and largely a preserved BrM. Whiler¢hs no direct evidence of ox-elastin
pathogenicity, LD-PIT reduced IFNand increased IL-4 within RPE/choroid. High do$€ Was
not protective.

Conclusions. These data further support ox-elastin role in acdiemage in SIOP in part via
elastin-specific antibodies, and support the carglthat PIT with ox-elastin attenuates ocular
pathology. Overall, damage is associated with cempht activation, antibody-dependent cell-

mediated cytotoxicity, and altered cytokine signatu
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PRECIS: Elastin-degradation in BrM in smoke-exposed mg@ssociated with generation of
anti-elastin antibodies that bind to RPE-BrM, teggg complement activation. Treatment with
smoke-modified elastin peptide reduces structundl fanctional damage, suggesting that AMD

might be preventable.
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INTRODUCTION

Age-related macular degeneration (AMD), which osdartwo forms, wet and dry (Brown et al.,
2005), is diagnosed as a loss of central visiongdmle classical clinical features of drusen and
retinal pigment epithelium (RPE) disturbance. Lot$unction results from damage to macular
photoreceptors and structural damage in both forsnsssociated with pathology at the

RPE/choroid interface.

We have previously focused on the potential rolgéhef middle elastic layer (EL) of Bruch’s
membrane (BrM) in initiation and progression ofedise. The EL together with the other layers
of BrM undergoes age-related changes. The mosbabwhange is the thickening with aging
and disease across both the peripheral and thelana8tM, that is linked to lipid buildup
(Curcio et al., 2011), although the macula chamgesir more rapidly (Johnson et al., 2007). The
middle EL is made up collagen VI, fibronectin, asttier proteins surrounding a layer of cross-
linked linear elastin fibers (Curcio and Johnso@13). Relevant for the context of AMD, the
structural integrity as well as the width of the Eless in the macula than in the periphery; and
in eyes with early AMD and active choroidal neovdadzation (CNV), this difference is ever
more pronounced (Chong et al., 2005). Elastin esdossues and extracellular matrices with
long-range elasticity necessary for their physiaal functions. For BrM’s properties, this
means that with aging, its biomechanical propewdigs that its ability to prevent the invasion of
blood vessels might be impaired, potentially pregidome rationale why CNV occurs in this
anatomical location (Chong et al., 2005). Of ng@mbably one of the earliest suggestions of
impaired elastin physiology in AMD came from Blumkeanz and coworkers, who suggested

“that generalized increased susceptibility of étabers to photic or other degenerative stimuli



79 is a new and important risk factor for choroidabwascularization” (Blumenkranz et al., 1986).
80 Interestingly, it has been reported that AMD pasehave elevated concentrations of elastin-
81 peptide in serum (Sivaprasad et al., 2005), togetitd elevated levels of circulating elastin 1IgG
82 and IgM autoantibodies (Morohoshi et al., 2012b)d &levating serum elastin fragments in
83 mouse increased expression and deposition of @ll&g in the RPE/choroid complex (Skeie et
84 al., 2012). Anti-elastin B- and T-cell immunity halso been observed in other diseases such as
85 chronic obstructive pulmonary disease (Rinaldi &f a2012), together with skin elastin
86 degradation (Maclay et al.,, 2012) and the preseicelastin degradation products in urine
87 (Stone et al., 1995). Finally, HTRAL is an elasthke enzyme (Jones et al., 2011) and HTRA1
88 variants confer similar risk to wet and dry AMD (@eron et al.,, 2007). In RPE cells with
89 heterozygous risk 10926 allele increased expressiéiTRAL and extracellular matrix proteins
90 has been demonstrated, (Lin et al., 2018) makinBAI another target for treatment (Tom et al.,
91 2020). Based on these observations we have préyipastulated that abnormalities in elastin
92 homeostasis together with antibody production may p role in AMD progression (Annamalai
93 etal., 2020).

94

95 Antibodies produced in response to neo-proteinmodified self protein epitopes are of both
96 IgG or IgM antibody class and may correspond whth generation of both B and T cell memory.
97 In the context of AMD, antibodies are of great i, since they may be directly cytotoxic, are
98 one of the main activators of the complement systemd bind to Fc receptors eliciting further
99 immune activation.

100
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The complement system is an essential part ofwbkigonarily ancient innate immune system.
Its main role is to eliminate foreign antigens gadhogens as part of the normal host response;
but excessive complement activation is also inwblie the pathogenesis disease states,
including AMD (reviewed in (Holers, 2003)). The cplament system can be activated by three
distinct pathways: the classical (CP), lectin (L&)d alternative pathway (AP) (Muller-
Eberhard, 1988), with IgG and IgM antibodies pgwtting in the activation of both the CP and
LP. This can lead to the generation of an inflanamatenvironment by generating
anaphylatoxins or membrane-attack-complex formatow direct cell injury (complement-
dependent cytotoxicity; CDC). In addition, antibesl(IgG, IgA or IgE) bound to their respective
antigens on surfaces can engage-receptors (FgR) on immune effector cells to trigger

antibody-dependent cell-mediated cytotoxicity (ADQSaeed et al., 2017).

We have tested the hypothesis of the involvemeanttelastin antibodies in RPE/BrM damage
in a mouse model of ocular damage with featurdsuaian dry AMD, the smoke-induced ocular
pathology (SIOP) model (Woodell et al., 2013). Wardr shown that long-term smoke exposure
in C57BL/6J mice reduces ERG response amplitudels camtrast sensitivity, and leads to
structural changes in RPE/BrM, including a thickenof BrM and a loss of the EL (Woodell et
al., 2013). Pathology was found to be dependenthenactivation of the AP (Woodell et al.,
2013; Woodell et al., 2016). As follow-up experintenwe asked if excessive anti-elastin
antibody production would increase complement atitm to exacerbate SIOP. In the SIOP
model, we showed that immunization with a cigaretteoke modified form of elastin (ox-
elastin) led to the generation of IgG and IgM amdiles, leading to more pronounced vision loss,

thicker BrM and more damaged RPE mitochondria wéempared to non-immunized mice, or



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

those immunized with a control elastin peptide hBlatgy was correlated with increased levels
of IgM, 1gG3 and IgG2b together with C3 activationC3 breakdown products in RPE/choroid
fraction of the mice. Based on these experimentsspeculated that in the SIOP model,
antibodies generated de-novo against ox-elast®d)(lpund to ox-elastin generated by smoke in
BrM might generate cytotoxicity and inflammatiomflammation might be generated by
antibodies activating complement via the classaralectin pathway leading to complement-
dependent cytotoxicity (CDC) or ADCC. In support ©@DC in SIOP pathology, Wang and
colleagues have documented C3a, C5, C5b-9 and @pHBisdtion in the area of BrM, (Wang et
al., 2009) and our work demonstrated localizatibthe complement activation prodect C3d in
RPE/BrM and choroid after smoke exposure, with plaily ameliorated in complement factor
B knockout mice (Woodell et al., 2013). Hence,tfwe asked whether in addition to their role in
CDC, antibodies might regulate pathology in thisdelathrough interacting with Fc receptors.
And second, given this data, albeit with only iedirevidence of ox-elastin induced pathology,
here we asked whether antibody-mediated damagéeinStOP model could be blunted by

peptide-based therapy against the ox-elastin p&ptid

MATERIAL AND METHODS

Animals. C57BL/6J and were purchased (Jackson Laborat@yHArbor, ME) and maintained

as breeding colonies. fceceptory chain—deficient mice were generously shared bydarl
Atkinson and represent mice purchased from Tadeéaim (Fcerlg - model 583) backcrossed 12
generations onto the C57BL/6J background (Elvingtbal., 2012). Mice were housed under a

12:12 h, light:dark cycle with access to food aratex ad libitum. All experiments were
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approved by the Medical University of South Carallnstitutional Animal Care and Use
Committee and performed in accordance with the éiation for Research in Vision and
Ophthalmology statement for the use of animalspintiealmic and vision research. The

observers were masked to the treatment of the &ima

To investigate the impact of PIT, mice were injeoteeekly via subcutaneous route with 1 (low
dose; LD) or 1Qug (high dose; HD) of smoke-oxidized mouse lungteigseptides (Elastin
Products Company, Owensville MO). i of peptide was used in the immunization paradigm
(Annamalai et al., 2020), and was chosen as theduoge; Jug of peptide was selected for the
low concentration, a dose of peptide efficaciousantrolling symptoms of lupus in a mouse
model (Kang et al., 2005). Cigarette smoke modiékdtin peptides (termed oxidized elastin, or
ox-elastin) were generated as published previaddsipamalai et al., 2020). In short, mouse
lung elastin peptides at 1 mg/mL in PBS (pH 6.4ravincubated in 10% cigarette smoke
extract (Kunchithapautham et al., 2014) for 244ir37°C, followed by dialysis (ThermoFisher).

A control cohort received PBS injections.

Exposure to Cigarette Smoke. Cigarette smoke exposure was carried out accotdiogr

published protocol (Woodell et al., 2013), exposangmals to cigarette smoke using the Teague
TE-10 total body smoke exposure system (Teagueajiiiges, USA) for 5 hours per day, 5 days
per week for 6 months, using 3R4F reference ciggg€University of Kentucky, Louisville,

KY).



169 ELISA assays. ELISA assays were performed as described in detaiously (Annamalai et al.,
170  2020). Microtiter (Immulon2; Dynatech Laboratori€hatilly, VA) plates were coated with 10
171 pg/mL cigarette smoke modified mouse lung elastptiges, washed, blocked with 3% milk in
172 PBS, followed by exposure to increasing doses afsaserum (1:100 to neat) and probed with
173 anti-mouse secondary antibodies (anti-IgG, G1 aka &danti-IgM) coupled to peroxidase and

174  color development using Turbo-TMB ELISA (Pierceefimo Scientific, Rockford, IL).

175

176  Western Analysis. Mouse RPE/choroid/sclera (from herein referredst&®RE/choroid fraction)
177 preparations were extracted and equal amountotéiprwere loaded per lane on 4-20 %

178 Criterion™ TGX™ precast gels (Bio-Rad Laboratories,) as described previously

179 (Annamalai et al., 2020). Separated samples wansferred to PVDF membranes, incubated in
180 primary antibody followed by appropriate secondamyibodies coupled to peroxidase, followed
181 by band development and detection using Clarity™stéf@ ECL blotting substrate (Bio-Rad
182 Laboratories, Inc.) and chemiluminescent detecfwotein bands were scanned and densities
183 quantified using ImageJ software. The followingilamtiies were used: anti-C3d (clone 11)

184 (Thurman et al., 2013), anti-mouse IgG and IgM (8&ruz Biotechnology), anti- TG 1L4,

185 IL-10 and IFNy; and all blots were normalized to beta-actin (Ggjjnaling Technology).

186

187  Electron microscopy

188 Tissue preparation and ultrastructural analysisevparformed as described before (Thurman et
189 al., 2013). In short, eyes were immersion fixe®i8% glutaraldehyde, 1% formaldehyde, 3%

190 sucrose, and 1 mM MgSO4 in 0.1 M phosphate buffer,7.4. A small central, nasal portion
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corresponding to the site analyzed by OCT was aetk en-bloc staining with uranyl acetate,
dehydrated in graded ethanols, resin embedded (@Moetlal., 2013) and sectioned (90 nm)
using a Leica Ultramicrotome, collecting the sawdioonto carbon-coated Formvar® films

supported by nickel slot-grids.

Electron microscopic (EM) images were capturedgisidEOL JEM 1400 transmission electron
microscope using SerialEM software for automatedgencapture. Datasets (1200-1500 images
per section) were used generate image mosaics (N&iset) that were evaluated by Adobe
Photoshop (Adobe Systems, San Jose, CA, USA) aadddn(http://imagej.nih.gov/ij/; provided
in the public domain by the National InstitutesHgalth, Bethesda, MD, USA) software. The
percent damaged BrM was determined based on theatiea of BrM thickness along multiple
~25 um length sections per sample, considering the tieisk exceeding 0.28n as damaged (a
normal BrM in age-matched room air exposed mice dalsickness of 0.22 + 0.04m). The
mask overlying BrM to be analyzed was previousIpl@ined by us in the same animal model
(Annamalai et al., 2020). Within damaged stretabfahickened BrM, the size (i.e., length along
BrM) and area of the deposits were assessed aloitgpl® 10 um length sections, resulting in a
single value per mouse. Overall, this approachciwihie have used before (Woodell et al., 2013;
Woodell et al., 2016), has high statistical powseritaanalyzes a large portion of randomly

selected regions of BrM per eye.

Satistics
Data are reported as the mean +SEM. Data consistirgpeated measures were analyzed with a

repeated measures ANOVA (accepting a significamé¢e<6.05) followed by an ANOVA with

10
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Bonferroni correction correcting for multiple commg@ns; data consisting of multiple groups but
single measurements, by a one-way ANOVA (accegismnificance oP<0.05), followed by
Student’s t-tests for individual comparisons; aathdliffering from control value were analyzed

by Z-test (StatView, SAS Institute, Inc., Cary, NC).

RESULTS

Elimination of Fcyreceptor prevents SOP damage based on histology and visual function

analysis

IgGs/IgMs bound to ligands on cell surfaces, basgmeembranes or extracellular matrices can
participate in inflammation via two distinct mecieans, CDC and ADCC. CDC involves the
activity of anaphylatoxins and the generation ob<{®5 ADCC involves activation of target cells
via Foy receptors. Bereceptor activation can contribute to damage vese ways. Fgreceptors

on effector cells recruited to affected tissuessfibg by anaphylatoxins, can bind to 1gGs bound
to antigens in tissues, resulting in ADCC. Alteiwaly, Fcy receptor activation has been shown
to contribute to the maintenance of peripheralréolee (Desai et al., 2007). Here we asked
whether Fg receptory chain—deficient mice mice are susceptible to smo#aced ocular
pathology and vision loss. After 6 months of smog@ntrast threshold in control and smoke
exposed FgR" mice was identicalRig. 1A), as was the thickness of BrNFi@. 1B) or the
structure of the basolaminar infoldindgsid. 1C) as assessed by electronmicroscdpg.(1D).
While these data do not exclude an effect of feceptor activation on maintenance of peripheral

tolerance, that effect could not be assessed imetlmimals as the effect on ADCC was

11
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predominant. Taken together, both CDC (Woodell.e2@13; Woodell et al., 2016) and ADCC

seem to play a role in SIOP, activated in partel@stin-specific antibodies.

Peptide-based immunotherapy with ox-elastin reduces smoke-induced ocular pathology in

mouse

We have shown previously that C57B/6J mice raisezbnstant smoke exhibit RPE/BrM
alterations including a thickening of BrM and lasmtrast sensitivity in the optokinetic reflex
(OKR) assay over time and, all dependent on atera pathway of complement activation
(Kunchithapautham et al., 2014; Woodell et al.,204/00dell et al., 2016). In addition,
immunization of animals with cigarette-smoke magatifelastin peptides augmented damage in

an ox-elastin antibody formation dependent manAernémalai et al., 2020).

Here, mice were exposed to a peptide immunotheegiynen (weekly; 1 [low dose, LD] or 10

Mg [high dose, HD]) when compared to PBS controts@laced into the smoke chamber.

After 6 months of smoke exposure, ultrastructuréiécences in BrM were analyzed by EMig.
2). As reported previously, smoke exposure leadsttockening of BrM in particular in the
outer collagenous layer (Annamalai et al., 2020pdédl et al., 2013; Woodell et al., 2016),
when compared to room air raised mice, albeit ndounly. The extent of thickened BrM
increased with smoke exposure in PBS injected migen compared to controlBi@. 2A).

When analyzing percent damaged BrM and its sizenadth, a significant treatment effect was
identified (P<0.0001), confirming an increase pathology in ranversus PBS treated mice

(P<0.05), an effect that augmented in HD elastin ialde (PBS versus HI®¥<0.0001) and

12
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reduced in LD treated mice (room air versus BR0.005). Specifically, the percent thickened
BrM doubled from ~23% in room air mice to ~53% iB$smoke exposed mice. While percent
thickened BrM did not drop in the LD PIT mice (PB&sus HDP=0.73), it significantly
increased in the HD PIT mice to 87% (PBS versusR#£0.002; LD versus HDR<0.01).
However, the percent thickened BrM does not takeotrerall size and area of the deposits into
account, which was assessed in multipleuOsections. Together, there was a reduction
following LD PIT (PBS versus LDR<0.005), but an increase in HD PIT (LD versus HD:

P<0.0001), and room air and LD samples were indisiishable P=0.98).

We have shown that C57B/6J mice lose contrasttbatsas assessed by OKR when exposed
to long-term smoké” ?® and have assessed contrast thresholds here inLlPB&nd HD-PIT
smoke exposed animalki. S1) assessing vision loss over tinked. S1A), mean contrast
threshold Fig. S1B), and start and endpoint comparison. PBS-injecteg exhibited threshold
elevations over time (repeated measures ANOR%).05), which was reduced in LD-PIT mice
(PBS-LD comparisori?<0.05), but not HD-PIT mice (PBS-HD comparis®r0.2). Mean
contrast threshold over time revealed a differdocéhe PBS-LD P=0.001) but not the PBS-
HD comparisonkig. 2B). On the final day of measurement, OKR contrassseity differed
significantly from the 1 month value for the PBE%0.002) and the HD treatment group

(P<0.005), but not the LD grou€0.1).

Anti-elastin antibody production
Sera of the peptide immunotherapy and smoke expogaelwere analyzed for the level of anti

ox-elastin IgG and IgM antibodies produced oveletiBLISA measurements over 3 dilutions

13
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303

using repeated measures ANOVA revealed an IgGdaayrtrent £<0.0001) and IgM by
treatment effectf<0.0001). IgGRP<0.0001) and IgM leveld?<0.0001) were significantly
increased in PBS treated smoke-exposed animals edmapared to room air controlBi§. 3A,
B). LD PIT significantly reduced the amount of aoti-elastin antibodies (Ig8<0.005, IgM

P<0.005), whereas HD PIT increased those levels Rg&01, IgMP<0.01).

Lower levels of IgG1 in comparison with IgG2a aypitally associated with protective
immunity (Rostamian et al., 2017). Here we teshedamount of anti-ox-elastin IgG1 and IgG2a
antibodies present in the sera of PIT mice, whislealed a 1IgG1 by treatme®<0.001) and a
IgG2a by treatment effecP€0.001). IgG1 levels were significantly increasedmoke-exposed
PBS injected animals when compared to room airroen{lgG1P<0.001), the IgG2a levels
almost reached significance<0.0089; Bonferroni requird3 value to be less than 0.0083 to
reach significance)Hg. 4A, B), but on average, IgG1 and IgG2a levels were eontdtl by LD

or HD PIT ¢>0.3). When assessing the 1IgG1/lgG2a ratio atleehigher serum concentrations
for the ELISA, the ratio was increased in smokeemgal PBS injected animals when compared
to room air controls (P<0.001), but was not affddig PIT Eig. 4C). Finally, IgE production

has been shown to mediate inflammatory responsesiased with allergies and be highly
sensitive to oral tolerance. Again, anti-ox-elaggi levels revealed an IgE by treatment effect
(P<0.001) Fig. S2), with levels significantly elevated in smoke-egpd animals when
compared to room air controlB<0.001), an effect that was further augmented By(P£0.001),

but revealing no dose-dependent effect on IgE $evel
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Peptide |mmunotherapy with ox-elastin reduced ocular complement activation and 1gG/IgM
deposition upon smoke exposure

The modulation of anti-elastin antibody levels @msn in response to PIT and smoke exposure
suggests that the amount of IgG and IgM depositidghe RPE/choroid previously reported in
smoke-exposed animals (Annamalai et al., 2020) ntighreduced. RPE/choroid samples were
probed for the presence of IgG and IgM antibodssgiquantitative Western blottingif. 5A).
Smoke exposure in the presence of PBS injectiareased both IgG and IgM levels in the RPE
choroid fraction when compared to room air (IgGOR92; IgM: P<0.01, combined antibody
responsé<0.0001). LD PIT decreased the combined antibodgarse significantlyR<0.01),

HD PIT had no effectR=0.8) Fig. 5A). The subclasses of IgG antibodies were not furthe

analyzed.

To quantify complement activation in RPE/choroidPdT mice, protein samples from the same
samples as above were analyzed by quantitativeemellotting. Blots were probed with an
antibody against C3d that recognizesi@8eakdown products @3 C3a’l, and C3dg that can

be distinguished based on their molecular weidhitg 6B). All three products were

significantly increased by smoke exposure in PB&ted animals when compared to room air
controls (C&’": P<0.01; C2&’1: P=0.001, and C3dd?<0.0001). LD PIT significantly reduced
those levels (G8: P=0.02; C3r'1l: P<0.01, and C3dd?<0.005). HD PIT in contrast

significantly elevated levels of @3L over those observed without PIF<0.03), but had no

effect on the other two components. Overall, wheadyzing the three parameters together, using
a repeated measure ANOVA, a complement activatiodyzts by treatment effect could be

confirmed P<0.0001). Together, complement activation was ased by smoke (room air

15



327 versus smoke/PB$=0.002), decreased by LD PIT (smoke/PBS versusR=D,03) to room air
328 levels (room air versus L¥=0.2), but not by HD PIT in smoke exposed animsitsqke/PBS
329 versus HDP=0.3).

330

331 Peptide immunotherapy with ox-elastin alters ocular cytokine levels upon smoke exposure

332 As areadout of the dysregulation in the balancéhdf and Th2 responses, levels of cytokines
333 associated with Thl and Th2 responses were assesgetérmine if local inflammation in the
334 RPE/choroid fraction was perturbed. To this endi bsoad assessement, protein samples from
335 the same samples as above were analyzed by qtiaatiteestern blotting for immunoregulatory
336 cytokines TGB, IL-4, IL-10 and pro-inflammatory cytokine IFNvere analyzedHig. 6).

337 Smoke exposure in PBS injected animals was foursthtaficantly increase IFilwhen

338 compared to room air contrgiB<0.001) Fig. 6D), which was reduced by LD PIP€0.001)

339 but not HD PIT. Smoke exposure lead to an increaied (P<0.05) Fig. 6B), that was

340 significantly augmented by LD PITPP€0.05) but not by HD PIT. Relative levels of T@Wwere
341 significantly increased by smokB<0.001), and further increased by PIT in a dosesddpnt
342 manner (smoke + PBS vs smoke + LD, P<0.05; smdke ¥s smoke + HDP<0.05) Fig. 6A).
343 Levels of IL-10 were significantly decreased by &n@<0.01), and not altered by PIT

344  irrespective of dosd~(g. 6C).

345

346

347 DISCUSSION

348 The main results of the current study are: 1) Hiation of antibody signaling via ffceceptor

349 activation prevented vision loss and structural aigen providing additional rational for the
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peptide immunotherapy. 2) Low dose PIT mice producéower ox-elastin-specific IgG and
IgM immune response, leading to reduced complemetintation and IgG/IgM deposition in the
RPE/choroid; 3) Reduced complement activation @RIPE/choroid was associated with a
greater preservation of BrM structure and presemaif visual function; 4) Treatment with ox-
elastin peptide altered the inflammatory milieu ara$ associated with reduced Nrahd
increased IL-4 in the RPE/choroid fraction. Takegether, our results support that in the SIOP
model, reducing antibodies generated de-novo agaiaslastin following PIT with a mouse ox-
elastin peptide reduces complement activation afi@nnmation in the RPE/choroid. PIT
induced reduction of inflammation and tissue damagg accompanied by reduced levels of
IFNy and increased levels of IL-4 in the RPE/choroatfion, although mechanisms of immune
deviation have not been defined fully. Finally, @uevious publication on the requirement of the
complement system for SIOP damage together witledheent observation that elimination of
Fcy receptors prevented pathology, suggests thatdastiplement-dependent cytotoxicity and

antibody-dependent cell-mediated cytotoxicity citmite to damage.

The mouse model of long-term smoke exposure has freposed by Wang and Neufeld as a
potential model for studying accumulation of drusika material on BrM as they showed C3a,
C5, C5b-9 and CFH deposition as well as CD63@Bdystallin in the area of BrM (Wang et al.,
2009; Wang and Neufeld, 2010). We have shown thhtgbogy in this mouse was dependent on
activation of the AP of complement, as’fBvere protected from developing pathology (Woodell
et al., 2013), and an AP inhibitor was found aaederecovery from SIOP, allowing for the
removal deposits in BrM and reciovery of constesstsitivity (Woodell et al., 2016). Smoke

exposure was found to increase IgG and IgM levéh, igG1, 2a, 2b and 3 all being elevated
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373 (Annamalai et al., 2020). Our results using elagfirsus ox-elastin immunization, in which we
374 showed increased deposition of IgG, IgM and complan€3 acitvation products in

375 RPE/choroid upon ox-elastin immunization suggdss anti-ox-elastin antibodies are

376 pathogenic. Support for this hypothesis comes fsturdies examining the mouse model of
377 emphysema in response to long-term smoke. Elastymfents have been shown to be

378 proinflammatory in cigarette smoke induced emphyseas mice deficient in the macrophage
379 elastase matrix metalloproteinase-12 do not devdikgase (Aggarwal, 2006). And Patel and
380 colleagues have shown that the increased levétgifgG autoantibodies are pathogenic by
381 transplanting donor lungs into animals after 6 rherdf smoke exposure. Two days after

382 transplantation, the donor lungs showed increagkl IgG and activated complement,

383 exacerbating post-transplant ischemia reperfusipmy (Patel et al., 2019). Antibodies bound to
384 their respective ligands on cell surfaces, basemembranes or extracellular matrices can
385 tirgger pathology via CDC and ADCC. Contribution@DC was already confirmed based on
386 the results on the fBdata (Woodell et al., 2013) as well as unpublisthet, demonstrating that
387 C3" are likewise protected (Woodell and Rohrer, 20C®ntribution of ADCC was confirmed
388 here demonstrating that a global knockout fopRftd on effector cells eliminated pathology. In
389 support of a potential role of ¥¥ceceptor signaling, Murinello and colleagues hstivewn that
390 mice immunized against ovalbumin developed immuwrapiexes in the retina, that led to the
391 recruitment of myeloid cells and increased expoessi F¢R. Likewise, they found that early
392 AMD was associated with deposition of IgG, C1q, ammbrane attack complex in the

393 choriocapillaris and with increased numbers of Cb48lls expressing & (Murinello et al.,
394 2014). And while elucidation of the exact mechars®f antibody-induced pathology remains

395 outstanding, the data suggests that pathology reagduced by peptide immunotherapy.
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Peptide immunotherapy has been studied extendiwetie treatment of autoimmune diseases,
allergy and cancer with delivery routes for thaeges, ranging from oral, to nasal, skin,
intravenous, intraperitoneal or intramuscular (b&;,2014; Romano et al., 2019; Shakya and
Nandakumar, 2018; Smith and Peakman, 2018). Wighitimind a similar approach to reduce
pathologic effect from neo-antigens generated gederative disease has merits. This aligns
and in common with other inflammatory diseases enebsence of direct causal evidence of
antigen-specific pathogenesis in man. The normaligcof peripheral tolerance prevents
heightened immune responses to different envirotahéactors such as food, allergens
(Wawrzyniak et al., 2017), environmental skin arduexposure (Li and Boussiotis, 2008), or
altered gut microbiome (Wu and Wu, 2012). Therapally, the exact mechanisms of immune
modulation and suppression of disease is not tieijned (Sabatos-Peyton et al., 2010).
Experimentally, and in broad terms, peripheralreoiee towards certain antigens can be
achieved after repeated exposure that inducesatelgtreactive T cells or induce T cell anergy
and/or generation of regulatory T (Treg) cells vilhdce heterogeneous in nature and function,
largely IL2 dependent and TBFTR1 cells that are specific against a given amtigroduce in
particular high levels of IL-10 , IL-35 and T@FLevings and Roncarolo, 2000) and a subset of
B regulatory cells that make IL-10 and T@KVadasz et al., 2013). Treg cells may have
multiple actions including and not exclusively, ilition of Th1l cells and reduction in activation
of innate immune cells. This requires cell-contependent and -independent mechanisms, the
latter which includes the secretion of IL-10 andFF& In addition, tolerance might include an
altered response of macrophages to the repeateduepto the antigen (Butcher et al., 2018);

however we have not yet examined the number ofoith@r macrophages in this model. We
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have not here shown causality of ox-elastin antémth SIOP model pathology,
notwithstanding the evidence herein of attenuatisgase with peptide immunotherapy and
being able to increase pathology by immunizing mvaé peptide. Ultimately, to elucidate
pathogenesis and mechanisms, adoptive and passigder of T cells or specific ox-elastin
antibodies would certainly inform (as would utiligirag™ mice), abeit recognizing the challenge

of experimental design in a model requiring mortthgropagate pathology.

We wished to assess whether there was a theragdficecy of peptide immunotherapy and
provide supportive evidence of concomitant chamgésflammation biomarkers, rather than
pathways. Hence, we did not assess the generdtitne@ cells directly, but our data

demonstrates that with LD treatment that attenuaddisology was associated with reducedyFN

increased TG and altered ox-elastin antibody response and guksé complement activation.

In age-related macular degeneration, ocular immasgonses have been considered as a
possible long term therapeutic target for diseasegmtion (Nussenblatt et al., 2014). This
approach is based on the following consideratisoarad immune senescence and inflamm-
ageing (Fulop et al., 2017). Age is the most sigaift risk factor for AMD, and there exist
alterations in innate and adaptive immune respongibsaging. Those include alterations in
RPE function as well as activation and infiltrati@nnnate immune cells into the ocular tissue,
resulting in a para-inflammatory microenvironme@hén and Xu, 2015). Th17 cells have been
observed in AMD, activated and recruited by com@etrC5a in human tissues (Liu et al.,
2011) as well as animal models (Rohrer, 2016)dititaon, AMD is correlated with elevated

levels of autoantibodies and the role of immun@oeses extensively reviewed (Ambati et al.,
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2013). Those include retinal IgG autoantibodieshisagthe retinol binding protein 3 elevated in
wet AMD and retinaldehyde binding protein 1 eledatedry AMD (Morohoshi et al., 2012a),

as well as an array of both IgG and IgM antibodigsinst epitopes know to be generated in
AMD, but that are not specific to the eye (Morohicatral., 2012b). Antibodies binding to
antigens in tissues provide one of the activatbomplement, which might explain the
presence of an overactive complement system in AM&geman et al., 2001). Based on these
observations, Nussenblatt and colleagues have staghhat AMD would be suitable for
tolerance therapy, which would re-align the adapimamune response by suppressing T cell
responses (Nussenblatt et al., 2014). Unfortunahadyto his untimely death, the hypothesis was

never tested.

To assess biomarkers and evidence of reduced imfiédion that parallels the positive clinical
outcomes we have presented alongside the geneddtaoti-ox-elastin antibodies with smoke
exposure, we note elevated levels of IgM, 1gG (idotg IgG1 and IgG2) and IgE. In addition,,
smoke exposure resulted in a proinflammatory RRE@H environment displayed as elevated
levels of complement and IfNand a reduction in IL-10. Although complement \ztiion in

serum was not examined here, it is known that axgo® cigarette smoke leads to complement
activation in serum (Robbins et al., 1991). C3sd lb@en shown to act as a natural adjuvant,
reducing the amount of antigen necessary to @icimmune response, effects that are mediated
through the activation of C3d-specific autoreactivemory T-cells (De Groot et al., 2015). In
addition, C3d has been shown to stimulate antigesgmtation by follicular dendritic cells and
helps to maintain immunological B cell memory (Taata and Ross, 2006). Thus, smoke-

induced complement activation may participate aghlection of antibodies against ox-elastin.
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Irrespective of the dose of peptide immunotheragyeated exposure to the antigen led to a
dose-dependent increase in the amount of serum IgG2a and IgE antibodies, as well as a
dose-dependent increase in the amount of¥f@Rhe ocular tissues. These results represent a
mixed response, as in mouse, production of IlgG2epesentative of a Thl response, IgG1 of a
Th2 response (Berger, 2000). IgE antibody prodadigmds to be associated with smoking (Kim
et al., 2017) as well as hypersensitivity reacti@@srry and Kheradmand, 1999), and Th2
cytokines activate and recruit IgE antibody pradg® cells (Deo et al., 2010). The role of
TGF{ is to maintain tolerance by regulating lymphogyteliferation, differentiation, and

survival (Li et al., 2006).

The low dose of ox-elastin peptide immunotherapyg feand to reduce the humoral response to
ox-elastin represented by the levels of anti-ostatldgM, IgG antibodies found in serum.
Persistence of ox-elastin presentation to immutie isethought to induce T-cell tolerance and
reduce B-cell activation. This reduction in theiax-elastin humoral response was associated
with reduced levels of IgG and IgM deposited in RféE/choroid fraction of the smoke-exposed
eye as well as a reduction in complement activatiesulting in ameliorated structure and
function loss. The cytokine changes that were uniguhe low dose of peptide are reduced

levels of IFNy and increased levels of IL-4 in the RPE/choroatfion. Overall, the biomarker

assessment of increase in 1IgG1 with IL-4 and BG&pports a modulation of inflammation and

the clinical attenuation of disease we noted.

Our study has a number of limitations. First, wigspect to the treatment paradigm and animal
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model, we did not test the effects of peptide imatbarapy in room air only mice, nor did we
include peptide immunotherapy inyR™~ mice. Peptide injections in naive, room air midghh
have revealed potential cell surface elastin rexepediated effects (Skeie et al., 2012) that
would have been masked in our experiments. Alsoeffects of smoke-exposure and treatment
on the eye cannot be distinguished from that oeffects of the two on other organs. Animals
exposed to long-term smoke develop emphysema &ed otgan damage (Vandivier and
Ghosh, 2017). In addition, due to the limitatiafisvailable tissues after long-term smoke
exposure, systemic T-cell responses were not éstiall nor could the sources of the cytokines
(invading immune cells or RPE cells) be establisioefirther illuminate mechanisms. Of note,
RPE cells have been shown to release I Gettner et al., 2019), whereas IL-10 (Idelsomlet
2018), IFN/ (Jiang et al., 2013) and IL-4 (Baba et al., 2C&tection in the RPE
microenvironment is skewed to other cell typeshass through mRNA analysis in ARPE-19
cells (Sharma et al., 2005). Second, while thenahmodel share certain similarities with dry
AMD at the light microscopy level (Wang et al., 20@Vang and Neufeld, 2010), the EM
analysis revealed that thickened BrM occurs inatier, rather than the inner collagenous layer.
In the human eye, EL is thinner and less abundhettta macula than in the periphery, in
particular in eyes with early AMD and active CNVh@hg et al., 2005); and while EL thinning

is observed in the SIOP model, the animals do ragrpss to CNV within the study period
(Woodell et al., 2013). Here we showed that inrtfwaise, elevated levels of elastin peptide and
anti-ox-elastin IgG/IgM antibodies have been de@etfter smoke-exposure. In AMD, serum
elastin-peptide levels are elevated in AMD in adie-severity-dependent manner (Sivaprasad
et al., 2005), and levels afelastin antibodies are elevated, however, for bgand IgM

autoantibodies only neovascular AMD exhibited elesidevels (Morohoshi et al., 2012b).
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Pathogenic antibodies are generated against nepepjthence without any knowledge of the
neoepitope on elastin-fragments generated in agidgAMD, it is unclear as to the predicted
role of thea-elastin IgG and IgM antibodies in neovascular ANrohoshi et al., 2012b).
Likewise, whether the serum elastin-peptides ardized and to what extent in AMD patients is

unknown, a question that could be solved with tamdeass spectrometry.

In summary, AMD pathogenesis has been linked toksmyp complement activation and
pathogenic T and B cell immunity, and so peptideaatigen immunotherapy to suppress
immunity has gathered support as a therapy. Herpra@de new data that show that peptide
immunotherapy by low-dose elastin peptide moditigdsmoke can ameliorate functional and
morphological defects at the posterior pole ofdlge generated by smoke exposure, resulting in
a reduction of complement activation. Our results/rapen a novel avenue for immunotherapies

in dry AMD.
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FIGURE LEGENDS

Figure 1. Fcy receptor contribution to smoke-induced ocular plattpy and vision loss. After 6
months of smoke or room air, iR~ mice were assessed for visual function and higtol¢A)
Contrast threshold was assessed as described umeFig in room air (control) and smoke
exposed FgR”™ mice, and found to be identicaB-D) Electronmicroscopic images of room air
and smoke-exposed mice were assesd®dTkickness of BrM, €) and the structure of the
basolaminar infoldings were unaffected by smoke osype. D) A representative
electronmicroscopy image of each condition is pitedi Data are expressed as mean + SEM (n

= 6 per condition in A, and multiple regions iny&e per condition in B and C).

Figure 2. Ultrastructural changesin mice following smoke exposure and ox-eastin peptide

immunotherapy (PIT).
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Electron micrographs of the RPE/BrM/choriocapiBadomplex (RPE/BrM/CC) obtained from
C57BL/6J mice exposed to 6 months or room air veerapared to those exposed to 6 months of
smoke in the absence (smoke — PBS) and presencB-BfiT or HD-PIT (smoke — LD-PIT;
smoke — HD-PIT)(A) In a control animal raised in room air, BrM is stlg with thickness
~0.22um. BrM in animals exposed to smoke exhibit thickgnand development of deposits.
BrM is similarly affected in mice treated with HXx-elastin, compared to animals treated with
LD ox-elastin, that looks closer to animals raigedoom air when compared to mice that are
smoke exposed but not treated with P(B) The percent of thickened BrM (>0.28n) per
stretch of tissue analyzed (set to 100% per seg@nanimal) was significantly increased by
smoke P=0.03), unaltered by LD-PIT but increased by HD-RPK0.01). C) As the percent
thickened BrM does not take the size (length anghtgeof the deposits into account, both were
assessed and compared. The width and area of tep@s significantly increased by smoke
(P<0.02), reduced to room air levels by LD-PHA=0.98) and augmented by HD-PIF<{0.0001).
Abbreviations: BrM, Bruch’'s membrane; BLI, basolaan infoldings, RPE: retinal pigment
epithelium. Data are expressed as mean + SEM (plailtegions in 5-6 eyes per condition were

analized in B and C)

Figure 3. Anti ox-elastin IgG and IgM antibody production in response to smoke, and
modulation by peptide immunotherapy (PIT).

ELISA analysis was performed, coating plates witidized elastin peptide. Serum at different
concentrations (1:100 to neat) from age-matchedrabanimals (room air), animals exposed to
smoke and treated with PBS, and smoke exposed Bnireated with different doses of oxidized

elastin were used to probe for binding, which wiasialized with corresponding anti-mouse 1gG
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and IgM secondary antibodies. Values were backgtasubtracted, averaged and plotted as
mean + SEM (n=3). After smoke exposure, a significaxmune response against ox-elastin
could be detected for both IgG and IgM, which wasited by LD-PIT and augmented by HD-

PIT.

Figure 4. Anti ox-elastin IgG1 and 1gG2a antibody production in response to smoke, and
modulation by peptide immunotherapy (PIT).

ELISA analysis was performed as described in Fidegend 3. Mouse antibody binding was
visualized with corresponding anti-mouse IgG1l ag@2a secondary antibodies; and values
were background subtracted, averaged and plottechessy £+ SEM (n=3).A) After smoke
exposure, a significant immune response againglastin could be detected for both IgG1 and
IgG2a, which was augmented by ox-elastin peptidatinent in a dose-dependent manrgy. (
The ratio of 1gG1/IgG2a was increased in smoke-sgdoanimals when compared to control.

However, there was no shift in ratio upon PIT.

Figure 5. Analysis of tissue 1gG, IgM and complement products in response to smoke and
ox-elastin peptide immunotherapy (PIT) in the RPE/choroid. (A) Equal amounts of
RPE/choroid extracts (1pg/lane) were loaded per lane, probed for mouse (g blot) and
IgM (middle blot), and band intensities quantifiédbitrary values were established based on
normalization with3-actin (bottom blot). Age-matched animals exposedrdom air were
compared to those raised in smoke and tolerizell aiiferent doses of oxidized elastin or PBS.
IgG and IgM levels were elevated by smoke. LD-R#@iuced levels of IgG and IgM present in

RPE/choroid, whereas HD-PIT had no effé&) Samples from the same RPE/choroid extracts
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as in panel A (1ug/lane) were loaded per lane, probed for C3d, amd lintensities quantified.
Arbitrary values were established based on normaabia with -actin. Age-matched animals
exposed to room air were compared to those raisesimioke and immunized with control or
oxidized elastin. (3, C3dg and C3d levels were elevated in smoke-expasenals. LD-PIT
reduced levels of complement activation producesg@nt in RPE/choroid, whereas HD-PIT had

little effect. Data are expressed as mean + SEM Jrindependent samples per condition).

Figure 6. Analysis of Thl and Th2 cytokines in response to smoke and ox-elastin peptide
immunotherapy (PIT) in the RPE/choroid. Equal amounts of RPE/choroid extracts (15
pg/lane) were loaded per lane, probed with antiteodier different cytokines, and band
intensities quantified. Arbitrary values were e$ithited based on normalization wiflzactin.
Age-matched animals exposed to room air were comptar those raised in smoke and treated
with different doses of oxidized elastin or PBR8) TGH3 levels were elevated by smoke, and
further increased by PIT in a dose-dependent mafBgiL-4 levels were elevated by smoke,
and further increased by LD-PIT but not HD-PIT) (L-10 levels were reduced by smoke, and
unaffected by LD- or HD-PIT.L¥) IFNy levels were increased by smoke, reduced to control
levels by LD-PIT and unaffected by HD-PIT. Data anepressed as mean + SEM (n = 3

independent samples per condition).
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SUPPLEMENTAL MATERIAL

Supplemental Methods

Optokinetic Response Test. Visual acuity and contrast sensitivity of mice wareasured under
photopic conditions (mean luminance of 52 c@) iy observing their optomotor responses to
moving sine-wave gratings (OptoMotry) as previowgcribed by us (Woodell et al., 2013).
Since visual acuity does not change in responsentike exposure (Woodell et al., 2013,

Woodell et al., 2016), we only assessed contrasskiold at a fixed spatial frequency (0.131
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cyc/deg) and speed (12 deg/s). Mice were analyazmdhty over the smoke exposure period,

determining readouts at 1, 2, 3, 4 and 5 months.

ELISA assays. ELISA assays were performed as described in dataviously (Annamalai et al.,
2020). Microtiter (Immulon2; Dynatech Laboratori€hatilly, VA) plates were coated with 10
pg/mL cigarette smoke modified mouse lung elastiptigdes, washed, blocked with 3% milk in
PBS, followed by exposure to increasing doses afsaserum (1:100 to neat) and probed with
anti-mouse secondary antibodies (anti-IgE) coupdgueroxidase and color development using

Turbo-TMB ELISA (Pierce; Thermo Scientific, RockéhrL).

Supplemental Figure L egends

Figure S1. Peptideimmunotherapy (PIT) with oxidized elastin impairs contrast sensitivity.
Optomotor responses were analyzed over 5 mont@&TBL/6J mice injected weekly with PBS
or low dose (LD; 1ug) or high dose (HD; 1f1g) smoke-modified oxidized elastin (ox-elastin).
Contrast threshold was obtained at a fixed spdteguency (0.131 cyc/deg) and speed (12
deg/sec). A) Smoke exposed PBS treated mice showed a signifinarease in the amount of
contrast required to elicit a response. Mice with-RIT treatment had improved threshold
responses whereas those with HD-PIT did not befiefih the treatment.B) Mean contrast
threshold of mice from panél during the smoke-exposure period was assesseceéretthe
three groups. Contrast threshold was reduced byrP$§moke-exposed mice in LD- but not HD-
treatment. The OKR starting threshold is indicafieldck line). Data are expressed as mean *

SEM (n = 5-9 per condition).
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Figure S2. Anti ox-elastin IgE antibody production in response to smoke, and modulation

by peptide immunotherapy (PIT).

ELISA analysis was performed as described in Fidegend 3. Mouse antibody binding was
visualized with corresponding anti-mouse IgE seeoyéntibody; and values were background
subtracted, averaged and plotted as mean + SEM).(Adtr smoke exposure, a significant
immune response against ox-elastin could be detdorelgE, which was augmented by PIT

independent of dose.
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PRECIS: Elastin-degradation in BrM in smoke-exposed mice is associated with generation of
anti-elastin antibodies that bind to RPE-BrM, triggering complement activation. Treatment with
smoke-modified elastin peptide reduces structural and functional damage, suggesting that AMD

might be preventable.



