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Signal Regulating Proteins (SIRPs) Participate in Sarcoidosis Granuloma Formation by Promoting Immune Cell Aggregation
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Methods:
Immunohistochemistry Staining:  The staining protocol included de-paraffinization (72°C, 4 minutes), antigen retrieval using CC1 buffer (Roche Laboratories, Inc.; Little Falls, NJ, USA) at 100°C for 24 minutes, and pre-primary peroxidase inhibition (4 minutes).  The SIRPα primary antibody (1:100 dilution) was applied for 84 minutes at room temperature. The SIRPα proteins were detected using the Optiview DAB IHC detection kit (Roche Laboratories, Inc.).  Optiview HQ Universal Linker and HRP Multimer were each applied for 12 and 8 minutes, respectively.  Hematoxylin counterstaining (4 minutes) was followed by a bluing reagent application (4 minutes).  Negative controls used matched concentrations of appropriate nonspecific isotype control antibodies.  Additional specimens excluded from analysis were used to optimize IHC staining protocols and validate staining efficacy in archival specimens up to 15 years post-fixation.

Ex Vivo Granuloma Model:
Cell Isolation, Incubation and Treatment.
	Up to 120 ml of blood were withdrawn from a peripheral vein in the forearm into heparinized syringes and kept at room temperature until subsequent processing to isolate peripheral blood mononuclear cells (PBMCs) according to standard protocols [S1, S2] (Figure S1).  Briefly, fresh PBMCs were isolated from whole blood using density cushion centrifugation employing Ficoll-Paque PLUS (Cytiva Life Sciences; Marlborough, MA, USA).  Every 20 ml of blood were mixed with 15 ml of PBS and carefully layered onto 14 ml of Ficoll and then centrifuged at 1400 rpm for 40 minutes (no brake) at room temperature.  Buffy coats were collected, diluted with RPMI 1640 media (Thermo Fisher Scientific, Inc.; Waltham, MA, USA) and then centrifuged at 1500 rpm for 10 minutes (no brake) at room temperature.  Cell pellets were pooled, re-suspended in RPMI media and then centrifuged a final time at 800 rpm for 10 minutes (no brake) at room temperature.  These fresh cells were re-suspended in RPMI media, counted and plated onto 24-well tissue culture plates at 2 ˣ 106 cells/ml (~10% monocytes/90% lymphocytes) with 10% human AB serum (Innovative Research, Inc.; Novi, MI, USA) per well and incubated at 37°C in a 5% CO2-humidified atmosphere.  PBMCs were plated and incubated within 3 hours of blood collection.
Following a minimum 30-minute equilibration period, cells were treated by addition of either PPD-coated beads or uncoated (UNC, PBS-washed) beads at a multiplicity of infection (MOI) of 50:1 relative to the number of representative monocytes present (~10% of all PBMCs), prepared as detailed below.  Similarly treated experiments (n=6) were performed wherein equilibrated cells were pre-treated with Prednisone [(PRED) 0.36 and 3.6 µg/ml, Cayman Chemical; Ann Arbor, MI, USA], commonly used as the first-line treatment for sarcoidosis, the anti-signal regulatory protein (SIRP) IgG1 antibody, ELA026 (1, 5,10, 20 and 40 µg/ml, Electra Therapeutics, Inc.; South San Francisco, CA, USA), and it’s matching isotype, ELA099 (20 µg/ml, Electra Therapeutics, Inc.) for 30 minutes prior to the addition of the PPD-coated beads.  PPD-coated beads were added without any washout of the inhibitor pre-treatment.  ELA026 was identified from a hybridoma library generated from a traditional murine immunization campaign and selected for its binding to SIRPs.  ELA026 does not inhibit binding of CD47 to SIRPs and does not interfere with SIRP-signaling.  In in vitro human cell systems, ELA026 induced antibody-dependent cellular cytotoxicity (ADCC) of SIRP+ primary monocytes and T lymphocytes.  After 7 days, following light microscopy evaluation (including MIPAR analysis as described below), supernatants were carefully collected (centrifuged at 200 x g for 10 minutes at 4°C to be free of dead cells) and stored at -80°C for later measurement of treatment-induced granuloma cytokine and lactase dehydrogenase (LDH) release by ELISA (all detailed below).
In another set of experiments carried out in a very similar fashion (n=6), the same compounds were administered as a post-treatment given 4 days after PPD-coated bead treatment instead of the 30-minute pretreatment as initially designed.  Light microscopy evaluation and image capture, MIPAR analyses of the captured images, and supernatant collection, clarification and storage for later cytokine and LDH analyses were performed as before, 7 days post-treatment with the PPD-coated beads.  Due to the differing degrees of macrophage activation and granuloma formation in response to the added PPD beads across the participating patient donors, determined post-treatment granuloma area fractions were then normalized for the sake of comparison to that of the matching UNC bead treatment for each experiment (i.e., patient donor).

Bead Preparation.
	Fluoresbrite® carboxylate microspheres (Polysciences, Inc.; Warrington, PA, USA) are fluorescently-labeled, mono-dispersed, polystyrene-based latex beads that have carboxylate groups on their surfaces which can be activated for the covalent coupling of proteins.  At room temperature while under dark and sterile conditions, carboxylated microspheres (bright blue fluorescence, 1.0 µm) were either washed with and re-suspended in PBS or covalently coupled to select proteins via the carbodiimide method for later use.  Briefly, beads (50-100 µl per preparation) were twice suspended in 0.1 M carbonate buffer (0.1 M Na2CO3 + 0.1 M NaHCO3 in sterile water, pH 9.6, Sigma-Aldrich, Inc.; St. Louis, Mo, USA) followed each time by centrifugation at 14,000 rpm for 6 minutes.  The bead pellet was then thrice suspended in 0.1 M MES buffer [2-(N-Morpholino)ethanesulfonic acid in sterile water, pH 5.6, Sigma-Aldrich, Inc.] followed each time by centrifugation at 14,000 rpm for 6 minutes.  To activate the carboxylate groups, the bead pellet was re-suspended in 0.1 M MES buffer, and an equal volume of 2% carbodiimide [2% 1-(3-Dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride dissolved in MES Buffer, Sigma-Aldrich, Inc.] was added drop-wise and then allowed to gently mix for 4 hours at  room temperature.
	Following centrifugation at 14,000 rpm for 6 minutes, the bead pellet was thrice washed by re-suspension in 0.1 M MES buffer followed by similar centrifugation to remove unreacted carbodiimide.  The bead pellet was then re-suspended in 0.2 M borate buffer (pH 8.5, Sigma-Aldrich, Inc.) with 200-300 µg protein added and allowed to gently mix overnight at room temperature.  The protein used for coupling to the beads was PPD of Mycobacterium tuberculosis (AJ Vaccines; Copenhagen, Denmark).  The next day, following centrifugation at 14,000 rpm for 10 minutes, the supernatants were removed and saved for later protein determination, and the pellet was re-suspended in 0.2 M borate buffer to which 0.25 M ethanolamine (Sigma-Aldrich, Inc.) was added to quench all unreacted sites on the beads.  Following gentle mixing for 30 minutes at room temperature, beads were pelleted by centrifugation at 14,000 rpm for 10 minutes and then re-suspended in 10 mg/ml human serum albumin (HSA) in 0.2 M borate buffer.  Following another 30 minutes for gentile mixing to block any remaining non-specific protein-binding sites on the beads, beads were again pelleted by centrifugation at 14,000 rpm for 10 minutes.  After repeating this blocking step and centrifugation, beads were re-suspended in 200-300 µl of storage buffer [0.1 M NaH2PO4, 0.1 M Na2HPO4 (pH 7.4), 1% HSA, 0.1% sodium azide and 5% glycerol, Sigma-Aldrich, Inc.] and kept at 4°C.  UNC beads were re-suspended in the same buffer without HSA and similarly stored at 4°C.  Beads were later counted and used for treatment by dilution into RPMI media and addition to the incubating PBMCs at an MOI of 50:1.

Granuloma Detection from Light Photomicrographs.
	 Digital light photomicroscopic images of each well of incubating cells were acquired 7 days post-treatment using a Leica Stellaris 5 confocal microscope (Leica Microsystems; Deerfield, IL, USA) using the 10× objective with a magnification of 1.  During imaging, the well plate was placed in a 37°C environmental control chamber (H201 T Unit-BL with 5% CO2/air perfusion, Oko Lab; Ambridge, PA, USA).  Transmitted (brightfield) and blue fluorescence images of the granuloma-like structures and cells were acquired via confocal laser scanning microscopy (CLSM) using a 10x Plan Apo dry objective lens (NA 0.40).  Blue bead excitation was facilitated by a 405 nm diode laser with the emission range set to 410 nm to 530 nm.  Image resolution was set to 1024x1024 pixels, and no averaging was applied.  A minimum of 4 random yet representative fields were imaged from each well.  Images were acquired at random locations within each well, avoiding the direct center due to locally higher cell density that obstructs granuloma detection.  To quantify the average percent granuloma area affected within the field of view (FOV), the images were imported and analyzed using a semi-automated analysis script, Materials Image Processing and Automated Reconstruction (MIPAR™ v2.2.5; Worthington, OH, USA).  Briefly, all images were subjected to histogram equalization, filtering with a median filter, and pixel-clustering using the built in “smart cluster” algorithm to initiate aggregate identification.  By visual inspection, a size cut-off of 1200 pixels was empirically determined and implemented in order to reject cellular aggregates that were deemed to be too small to be classified as a true granuloma.  Generally, the aggregates that were rejected based upon this size cut-off contained ≤4 macrophages.  Each image was subjected to additional steps including clean-up and smoothing to achieve consistent granuloma boundaries without holes in the interior.  Occasionally, a final manual clean-up step was required to eliminate artifactual granulomas.  From the feature identification recipe, the following data were generated and exported to examine the effects of PRED, ELA026 and ELA099, pre-/post-treatment: the percent area affected by granulomas relative to the entire microscopic FOV (area fraction).  Microscopic granuloma evaluation and image capture and subsequent MIPAR analyses, though objective in its design, were performed in a blinded fashion to the treatments involved by a minimum of two independent reviewers and were the same for all treatments and for all patients in the study.

Cytokine and LDH Release Measurements.
Human granuloma supernatants, carefully collected 7 days after treatment with either UNC beads or PPD-coated beads (alone or following a 30-minute pre-treatment or later designed 4-day post-treatment with either PRED, ELA026 or ELA099) were analyzed for their TNFα and IL-1β concentrations employing ELISA (Invitrogen/Thermo Fisher Scientific, Inc.) according to the manufacturer’s recommendations.    Cytokine ELISA sensitivities were ~2-4 pg/ml.  Human granuloma supernatants carefully collected 7 days post-treatment were also analyzed to determine the presence and relative concentration of LDH using ELISA according to the manufacturer’s recommendations (Invitrogen/Thermo Fisher Scientific, Inc.).  Due to the differing degrees of macrophage activation and cytokine/LDH release in response by the added PPD beads across the participating patient donors, determined supernatant cytokine/LDH measurements were normalized for the sake of comparison to that of the matching UNC bead treatment for each experiment (i.e., patient donor).
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Table S1:  Patient Donor Distribution – Tissue Immunohistochemistry Study
N = 54

Normal lung away from lung cancer/lung cancer (NL) = 10
	Lung cancer = 6
	Normal lung away from lung cancer = 4
Non-granulomatous ILD (NGILD) = 13
	Cryptogenic organizing pneumonia = 4
	Idiopathic pulmonary fibrosis = 3
	Idiopathic non-specific interstitial pneumonia = 3
Silicosis = 1
Chronic eosinophilic pneumonia = 1
Follicular bronchiolitis = 1
Non-sarcoidosis granulomatous lung disease (NSGD) = 10
Mycobacterium avium intracellular = 3
Hypersensitivity pneumonitis = 2
Tuberculosis = 2
Sarcoidosis-like reaction of malignancy = 1
Histoplasmosis = 1
Cryptococcus = 1
Sarcoidosis (S) = 21


Table S2:  Patient Donor Demographics – Ex Vivo Pre-treatment Study
	Groups
	Age
(years)
	Gender
(M/F)
	Race
(W/B/O)*
	H/NH†
	Scadding CXR Stage
	Extra-pulmonary (Y/N)

	Sarcoidosis
 (ELA026 pre-exposure
(n = 6)
	59
	M
	W
	NH
	2
	Y

	
	59
	F
	B
	NH
	4
	Y

	
	64
	F
	W
	NH
	1
	N

	
	58
	M
	W
	NH
	3
	Y

	
	60
	F
	W
	NH
	3
	N

	
	53
	M
	W
	NH
	4
	N

	Mean ± SEM or Ratio
	58.8 ± 1.4
	3/3
	5/1/0
	0/6
	2.8 ± 0.5
	3/3



*White/Black/Other
†Hispanic/Non-Hispanic


Table S3:  Patient Donor Demographics – Ex Vivo Post-treatment Study
	Groups
	Age
(years)
	Gender
(M/F)
	Race
(W/B/O)*
	H/NH†
	Scadding CXR Stage
	Extra-pulmonary (Y/N)

	Sarcoidosis
(ELA026 post-exposure
(n = 6)
	54
	F
	B
	NH
	3
	Y

	
	60
	F
	W
	NH
	1
	Y

	
	46
	M
	B
	NH
	2
	Y

	
	65
	F
	B
	NH
	3
	Y

	
	56
	F
	B
	NH
	1
	Y

	
	56
	M
	W
	NH
	2
	Y

	Mean ± SEM or Ratio
	56.2 ± 2.6
	2/4
	2/4/0
	0/6
	2.2 ± 0.3
	6/0



*White/Black/Other
†Hispanic/Non-Hispanic


Figure Legends:
Figure S1:  Schematic of ex vivo granuloma model

Figure S2:  Representative photomicrographs of granuloma-like cell aggregates forming 7 days after sarcoidosis PBMCs were incubated with either uncoated (UNC) or PPD-coated beads (PPD) following ELA026, its isotype control, ELA099, or prednisone (PRED) exposures at day 4 (at which time granulomas typically begin to form).  Images to the left are original, unfiltered images; whereas, those in the center include MIPAR image analyses demonstrating color-coding of identified granulomas based upon cell aggregate area with larger cell aggregates represented in the red-yellow hues and smaller ones in the blue-green hues.  The images to the right have all but the MIPAR-identified cell aggregates filtered out showing the cumulative granuloma area as a fraction of the total area of the image (area fraction, as determined by MIPAR analysis and provided for each representative image as a percentage).  Scale (100 µm) is marked at the bottom in the top-left image.

Figure S3:  H-Scores of tissues stained for SIRPα in granulocytes (GRANC) and lymphocytes (LC).  The H-Score was not significantly different across the 4 lung disease categories for GRANC (top) and LC (bottom), with the H-Score for LC being quite low (NL = lung cancer and normal lung adjacent to lung cancer; NGILD = non-granulomatous interstitial lung disease; NSGD = non-sarcoidosis granulomatous disease, and S = sarcoidosis).
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