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ABSTRACT:	Many	disease	states	can	be	understood	by	elucidating	small-scale	biomolecular	protein	interaction	networks,	or	
microenvironments.	Recently,	photoproximity	labeling	methods,	like	µMap,	have	emerged	as	high-resolution	techniques	to	
study	key	spatial	relationships	in	subcellular	architectures.	However,	in	vitro	models	typically	lack	cell	type	heterogeneity	
and	three	dimensionality,	integral	parameters	that	limit	the	translation	of	in	vitro	findings	to	the	clinic.	To	this	end,	formalin-
fixed	paraffin-embedded	(FFPE)	tissues	serve	as	an	invaluable	model	system	for	biomedical	research	by	fixing	complex	multi-
cell	interaction	networks	in	their	natural	environment.	Thus,	identifying	microscale	interactions	in	these	samples	would	pro-
vide	important	clinical	insight.	Yet,	the	underlying	chemistry	of	photoproximity	labeling	is	challenged	by	formalin-fixation	
and	de-crosslinking,	precluding	its	application.	Herein,	we	report	the	development	of	competent	labeling	system,	µMap-FFPE,	
enabling	the	comparison	of	CD20’s	interactome	between	healthy	and	cancerous	cells	or	preserved	patient	tissues.	

Biological	interaction	networks,	comprised	of	the	complex	
associations	of	proteins,	nucleic	acids,	and	metabolites,	or-
chestrate	cellular	processes	such	as	signal	transduction	and	
gene	 expression.	Additionally,	 dysregulation	 of	 these	net-
works	leads	to	disease	phenotypes;	thus,	understanding	sig-
naling	pathways	is	of	high	clinical	relevance	for	drug	devel-
opment.1–4	Yet,	elucidating	these	in	vivo	connections	is	com-
plicated,	as	protein-protein	interactions	can	change	drasti-
cally	 between	 a	 laboratory	 scale,	 reductionist	model	 sys-
tem–often	 homogenous,	 immortalized	 cell	 lines–and	 pa-
tients	in	the	clinic.5–7	This	is	driven	by	in	vivo	features,	such	
as	cell	type	heterogeneity	and	three	dimensionality,	being	
poorly	captured	by	typical	cellular	models.8	The	inability	to	
accurately	 profile	 these	 features	 contributes	 to	 the	 chal-
lenge	of	translating	a	potent	cell-based	therapeutic	to	an	ap-
proved	drug.9	New	tools	are	needed	 to	better	understand	
changes	in	protein	interactomes	between	model	types.10		
Photocatalytic	proximity	labeling	is	an	emerging	technology	
capable	of	probing	microscale	interactions.11,12	Many	label-
ing	platforms	have	been	introduced	to	date,	that	enable	ex-
ploration	of	these	interactions	in	a	variety	of	biological	con-
texts.13	Yet,	most	methods	were	developed	specifically	for	
simple	cellular	model	systems	and	may	require	genetic	en-
gineering	 to	 install	 the	 labeling	 ensemble,14–17	 precluding	
their	use	 in	 tissue	samples.	Although	some	methods	have	
been	shown	to	be	compatible	with	complex	biological	sam-
ples	like	whole	blood,18	there	is	a	dearth	of	high-resolution	
techniques	applicable	to	human	tissue.	Recently,	Fadeyi	and	
coworkers	 disclosed	 a	 near-infrared	 proximity	 labeling	

system	capable	of	labeling	whole	tissue	using	fluoroalkyl	io-
dides	and	an	organic	photocatalyst.19	Similar	advancements	
demonstrate	the	tractability	of	tissue	photolabeling	with	Ir	
or	porphyrin-based	catalysts,20–22	yet	published	techniques	
utilize	freshly	harvested	tissue	samples	for	LC-MS/MS	pro-
teomics.	This	feature	significantly	limits	applications,	as	the	
most	readily	available	forms	of	human	tissue	are	formalin-
fixed	paraffin-embedded	samples	(FFPE).	Unlike	fresh	tis-
sue,	 FFPE	 samples	 are	 stable	 for	 decades.23	 Estimates	 of	
worldwide	FFPE	samples	range	from	400	million	to	>1	bil-
lion	(across	1,000s	of	disease	states),	overall	representing	a	
wealth	of	clinical	information.24,25	However,	fixation	funda-
mentally	alters	the	molecular	identity	of	the	sample,	greatly	
complicating	 sample	 preparation	 and	 analysis	with	 tradi-
tional	LC-MS/MS	 techniques,	 and	 its	 effect	on	photoprox-
imty	labeling	mechanisms	is	poorly	understood.26		

	
Figure	1:	Development	of	µMap-FFPE.
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Figure	2:	Incompatibility	of	µMap-blue/red	with	FFPE	samples.	(A)	Photoproximity	labeling	of	FFPE	A549	cells	(biotinylation	
in	red).	(B)	µMap-red	with	FFPE	tonsil.	(C)	Thermal	instability	of	Bt-Az	probe	causes	nonspecific	labeling.	(D)	Comparison	of	
probe	stability	during	de-crosslinking.	(E)	Successful	CD20	labeling	on	FFPE	tonsil.	
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Thus,	we	set	out	to	develop	a	photoproximity	 labeling	plat-
form	 capable	 of	 generating	 LC-MS/MS	 proteomics	 infor-
mation	with	FFPE	biological	samples	(Figure	1).	Upon	de-
veloping	a	labeling	manifold	for	FFPE	samples	and	studying	
its	labeling	mechanism,	we	then	examined	the	interactome	
of	 CD20,	 a	 B-cell	marker	 and	 the	 target	 of	multiple	 FDA-
approved	monoclonal	antibodies,27,28	 in	human	tissue.	We	
also	compared	the	CD20	interaction	network	across	single	
cell	 type	 cultures	 and	 tissues,	 finding	 fundamental	 differ-
ences	in	the	interactomes	of	these	model	systems.	Finally,	
we	 validated	 novel	 CD20	 proximal	 proteins	 identified	 by	
µMap-FFPE	using	super-resolution	microscopy	(STED).29		
We	first	attempted	labeling	on	FFPE	cancer	cells	with	our	
standard	µMap-Blue	platform,	which	uses	an	Ir	catalyst	to	
activate	a	diazirine	probe.11	Surprisingly,	irrespective	of	an-
tibody	 loading,	 washing	 protocol,	 and	 epitope	 retrieval	
technique,	significant	background	labeling	was	observed	by	
microscopy.	Strikingly,	when	the	Ir	catalyst	was	omitted	en-
tirely,	we	observed	nonspecific,	blue-light	mediated	photo-
activation	upon	addition	of	the	diazirine	probe	(1)	(Figure	
2a,	conditions	C).	Diazirenes	are	not	activated	by	blue-light	
wavelengths,	as	they	only	absorb	UV	light.	This	implicates	
an	endogenous	photosensitizing	capability	of	the	FFPE	sam-
ple,	perhaps	arising	from	the	fixation	process	itself.	Indeed,	
similar	 results	 were	 obtained	 by	 western	 blot	 using	 in-
house	 cultured	HEK293T	 cells	 after	 formalin-crosslinking	
(Figure	S1).	This	suggests	the	natural	presence	or	formalin	
induced	formation	of	a	blue-light	photosensitizer	and	ren-
dering	µMap-Blue	techniques	incompatible	with	FFPE	sam-
ples.	 Interestingly,	 this	 formalin-linked	 mediated	 back-
ground	 activation	was	wavelength	 dependent;	 it	 was	 not	
observed	with	 our	 µMap-Red	 platform,	 which	 uses	 a	 Sn-
chlorin	catalyst	to	activate	an	azide	probe	(2)	(Figure	2a).18	
Using	 µMap-Red	we	 sought	 to	 identify	 the	 interactors	 of	
CD20	in	FFPE	human	tonsils	with	label-free	LC-MS/MS	pro-
teomics.	 This	 requires	 harvesting	 the	 tissue	with	 a	 razor	
blade,	 chemically	 de-crosslinking	 and	 solubilizing	 the	 tis-
sue,30	 and	 finally	 enriching	 the	biotinylated	proteins	with	
streptavidin-coated	magnetic	beads.		
Many	 methods	 exist	 for	 reconstituting	 FFPE	 tissue:	 we	
sought	to	identify	conditions	that	maximize	recovery	of	free	
CD20	and	total	protein.31	We	tested	several	published	pro-
tocols	and	buffer	solutions	and	found	that	4%	SDS,	80	mM	
HEPES,	80	mM	DTT,	pH	8	(“buffer	B”)	was	optimal	(Figure	
S2).32	Furthermore,	cells	that	were	formalin-fixed	then	de-
crosslinked	using	these	conditions	gave	identical	band	pat-
terns	by	western	blot	(Figure	S3),	indicating	reconstitution	
to	a	“native-like”	state,	a	requirement	for	successful	identi-
fication	by	label-free	MS-MS	techniques.26	However,	when	
this	protocol	was	applied	to	µMap-Red	labeled	samples,	sig-
nificant	biotinylation	was	observed	by	western	blot	for	all	
conditions	where	Bt-Az	(2)	was	added	(Figure	2b,	lanes	A-
D).	 Given	 the	 contrast	 to	 our	microscopy	 studies,	we	 hy-
pothesized	 that	 the	 conditions	 utilized	 for	 decrosslinking	
(95ºC)	may	 promote	 thermal	 activation	 of	 residual	 Bt-Az	
probe,	 forming	 a	 nitrene	 (3).33,34	 This	 nitrene	 nonspecifi-
cally	 label	 proteins,35,36	 eliminating	 spatiotemporal	 infor-
mation	(Figure	2c).	Unfortunately,	attempts	to	wash	away	
residual	probe	before	de-crosslinking	were	unsuccessful.	
Recognizing	 the	 incompatibility	 of	 our	 photolabeling	 sys-
tems	with	FFPE	samples,	we	sought	to	redesign	µMap-Red	

to	 overcome	 these	 challenges.	 Under	 the	 standard	 µMap-	
Red	platform,	2	is	converted	to	the	active	aminyl	radical	(4)	
via	reduction	by	photogenerated	Sn(III)	followed	by	N2	loss	
and	protonation.18	Cognizant	of	the	key	intermediacy	of	an	
aminyl	radical,	we	questioned	if	this	species	could	instead	
be	generated	by	reductive	quenching	of	the	excited	SnIV	cat-
alyst	(SnIV*/SnIII	E1/2ox	=	1.25	V)	with	a	biotin	aniline	conju-
gate,	5	(Bt-An,	Ep/2	=	0.71	V	vs	Ag/AgCl).	We	speculated	that	
a	thermally	stable	aniline	probe	could	avoid	nonspecific	la-
beling	during	heat-induced	de-crosslinking	(Figure	2c).	We	
evaluated	the	relative	thermal	stability	of	Bt-Az	(2)	and	Bt-
An	(5)	under	de-crosslinking	conditions,	and	5	predictably	
showed	minimal	thermal	activation	whereas	2	participated	
in	 significant	 thermal	 labeling	 (Figure	 2d).	 Furthermore,	
when	the	Sn/aniline	system	was	utilized	for	proximity	 la-
beling	of	CD20	in	FFPE	human	tonsil	slides,	labeling	(after	
extraction)	was	only	observed	in	the	presence	of	the	Sn	pho-
tocatalyst.	Thus,	a	thermally	stable,	photoproximity	labeling	
system	(µMap-FFPE)	was	successfully	realized.	Further	op-
timization	of	the	epitope	retrieval	conditions	improved	tar-
geted	labeling	above	background	(lane	A	vs	B)	to	~2:1.	Grat-
ifyingly,	a	strong	biotinylation	signal	can	be	observed	at	ger-
minal	centers	on	FFPE	tonsil	slides	(consistent	with	the	lo-
calization	of	B-cells	in	tissue,	Figure	2e).37	
With	a	new	probe	 in	hand,	we	next	evaluated	 the	mecha-
nism	of	activation	and	subsequent	 labeling	(see	SI	 for	ex-
tended	 discussion).	 Pleasingly,	 Bt-An	 labeling	 conditions	
were	subject	 to	photonic	control,	 implicating	 the	catalytic	
relevance	of	excited	Sn	(Figure	3a).	However,	in	vitro	label-
ing	 studies	on	bovine	 serum	albumin	 (BSA)	 and	 carbonic	
anhydrase	 (CA)	 complicated	 analysis.	 Presuming	 a	 redox	
mechanism,	a	sacrificial	oxidant,	oxygen,	is	required	to	turn	
over	the	photocatalyst.	Yet,	labeling	was	observed	under	an-
aerobic	conditions	for	BSA,	though	not	CA.	This	finding	sug-
gests	an	alternative	pathway,	wherein	interchain	disulfide	
bonds	(E1/2red	≥	–	0.71	V	vs	SCE),38	present	in	BSA	but	not	
CA,	 can	 serve	as	oxidants	 (Figure	3b).	This	hypothesis	 is	
supported	by	the	restoration	of	CA	labeling	under	anaerobic	
conditions	when	proteins	with	disulfide	bonds	 are	 added	
(Figure	 S4).	 These	 results	 suggest	 that	 a	 redox	 labeling	
mechanism	is	operative	under	N2.	However,	our	analysis	for	
aerobic	 conditions	 is	 complicated	 by	 an	 additional,	 well-
characterized	 proximity	 labeling	mechanism.14,15,39–42	 This	
alternative	pathway	relies	on	sensitization	of	oxygen	(8)	by	
an	excited	state	catalyst	(7).	Subsequently,	1O2	(9),	can	co-
valently	modify	nearby	residues	such	as	histidine	(10),	via	
[3+2]	cycloaddition	and	ring	opening	to	furnish	an	electro-
phile	(11).	These	oxidized	residues	are	known	to	undergo	
nucleophilic	attack	with	anilines	to	generate	the	covalently	
tagged	species	(12).43	Given	the	different	residue	modifica-
tions	obtained	through	the	two	labeling	mechanisms	(+Bt-
An	vs	+O2-Bt-An),	we	sought	to	implicate	the	primary	path-
way	 by	 detecting	 the	 adduct	with	 DDA	 LC-MS/MS	 prote-
omics	using	open	residue	modification	search.	Interestingly	
only	mass	 shifts	 corresponding	 to	 the	 1O2	 pathway	were	
identified	(+O2-Bt-An),	 implicating	oxygen	sensitization	as	
the	dominant	 labeling	pathway	(Figure	3c).	However,	we	
cannot	 rule	 out	 a	 mixed	 redox/sensitization	 mechanism	
given	the	successful	 labeling	of	BSA	under	nitrogen.	Thus,	
we	propose	that	under	aerobic	conditions	1O2	is	the	primary	
reactive	intermediate,	while	under	anaerobic	conditions	the	
aminyl	radical	is	responsible	for	labeling	(Figure	3d).		
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Figure	3:	Mechanistic	studies	for	µMap-FFPE.	(A)	Light	on/off	labeling.	(B)	In	vitro	labeling.	(C)	Detection	of	Bt-An-BSA	label-
ing	adduct	under	O2	by	LC-MS/MS	DDA.	(D)	Proposed	labeling	mechanism	and	intermediates.	
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Figure	4:	Photoproximity	labeling	of	CD20	on	B-cell	lines	and	human	tissue.	(A)	µMap-FFPE	on	tonsils.	(B)	Comparison	of	
CD20	interactome	in	PBMCs	and	tonsils.	(C)	Balloon	plot	summarizing	the	CD20	interactome	across	models.		
With	a	better	understanding	of	the	µMap-FFPE	platform,	we	
performed	LC-MS/MS	proteomics	on	CD20	targeted	human	
tonsil	slides.	Pleasingly,	CD20	and	other	known	interactors	
were	highly	enriched	(Figure	4A),44	including	SCR	kinases,	
LYN	and	FYN,	which	are	known	to	associate	with	B-cell	sur-
face	receptors	to	enable	signaling,45	and	many	HLAs	(DRA,	
DRB1/4).46	 Additionally,	 CD19,	 CD22,	 CD40	 and	 CD79,	
known	neighbors	of	CD20,	were	highly	enriched.47,48	To	un-
derstand	any	differences	between	FFPE	tissue	and	a	cellular	
model	 system,	 we	 performed	 µMap-Blue	 with	 human	
PBMCs	targeting	CD20	(Figure	4B).	Gratifyingly,	CD20	and	
other	top	hits	(CD40	and	MHCs)	were	enriched	in	both	the	
PBMCs	and	tonsil	datasets.	Despite	this	overlap,	certain	pro-
teins	that	were	highly	enriched	in	tonsils	were	not	observed	
in	PBMCs,	underscoring	fundamental	differences	in	B-cells	
between	cells	and	human	tissue.	We	then	conducted	an	ex-
tensive	 comparison	 between	 tissue	 and	 cells,	 as	 well	 as	
healthy	 and	 diseased	 model	 systems.	 To	 this	 end,	 we	

extended	 labeling	 to	 diseased	 B-cell	 lines	 (using	 µMap-
Blue)	 and	 diffuse	 large	 B-cell	 lymphoma	 (DLBCL)	 lymph	
nodes	 (using	 µMap-FFPE).	 Interestingly,	 CD20	 and	 other	
common	 neighbors	 were	 highly	 enriched	 across	 all	 data	
sets,	 supporting	a	common	 interactome.	However,	 signifi-
cant	differences	could	be	seen	between	model	types.	For	ex-
ample,	CD38	and	TRIM21	were	uniquely	enriched	in	cellu-
lar	models,	whereas	CD22/79,	ADAM10,	LYN,	and	CD6	were	
only	seen	in	tissues.	Certain	tissue-specific	interactors	can	
be	explained	by	cell	type	heterogeneity,	as	CD6	is	a	common	
T-cell	marker.49	Furthermore,	intracellular	interactors,	like	
LYN,	can	be	identified	in	tissue	because	these	samples	have	
been	permeabilized,	enabling	diffusion	of	the	labeling	inter-
mediate	 into	 intracellular	 compartments.	 Finally,	 disease-
specific	 proximal	 proteins	were	 consistently	 identified	 in	
DLCBL	tissue	and	cancer	cell	lines,	illustrating	the	power	of	
this	technology	to	 identify	new	neighboring	proteins	with	
potential	pathological	relevance	(Figure	4C).		
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To	validate	these	novel	proximal	proteins	found	in	the	ton-
sil	CD20	microenvironment,	we	utilized	STED	microscopy.	
As	a	positive	control,	we	examined	the	known	interaction	of	
CD20	and	IgD,	which	showed	colocalization	in	FFPE	tonsil	
(r	=	0.669).50	Across	triplicate	µMap-FFPE	experiments	tar-
geting	 CD20	 in	 tonsil,	 10	 proteins	 were	 consistently	 en-
riched	 including	 known	 interactors	 like	 many	 HLAs.	 Yet,	
this	dataset	also	contained	proteins	that,	to	our	knowledge,	
have	 not	 been	 identified	 within	 the	 CD20	 microenviron-
ment.47,48	These	include	ADAM10,	CR1,	CR2,	and	PTPCR.	Us-
ing	STED,	we	validated	the	colocalization	of	all	 these	pro-
teins	with	CD20	(r	=	0.524–0.69),	establishing	µMap-FFPE	
as	tool	for	identifying	novel	protein	microenvironments	in	
preserved	 tissue	 samples	 (Figure	5).	The	CD20/ADAM10	
interaction	 is	of	 interest,	as	ADAM10	is	a	metalloprotease	
responsible	for	cleaving	membrane-bound	proteins,	gener-
ating	their	soluble	form.	The	loss	of	membrane	bound	CD20,	
driven	by	a	range	of	mechanisms,51	is	a	well	characterized	
resistance	 pathway	 for	 treatments	 targeting	 CD20.	

Although	 further	 functional	 studies	 are	 required,	 under-
standing	 this	 interaction	 may	 suggest	 an	 orthogonal,	
ADAM10-mediated	resistance	pathway.		
In	conclusion,	we	have	developed	a	photoproximity	labeling	
technique,	µMap-FFPE,	compatible	with	the	vast	libraries	of	
preserved	human	tissue	samples.	Utilizing	a	red-light	acti-
vated	catalytic	manifold	and	thermally	stable	probe	was	key	
to	the	realization	of	this	technology.	Furthermore,	we	illus-
trated	 key	 differences	 between	 biological	model	 systems,	
highlighting	 the	 possibility	 of	 differential	 interaction	 net-
works	between	cells	and	tissues.	Finally,	new	CD20	interac-
tors	were	validated	by	STED.	Ongoing	efforts	include	prob-
ing	changes	to	interaction	networks	before	and	after	treat-
ment	 for	 greater	 insight	 into	 mechanisms	 of	 drug	 re-
sistance.	 Collectively,	 µMap-FFPE	 serves	 as	 a	 new	 tool	
within	the	field	of	proximity	labeling,	situated	to	prosecute	
protein	interactions	in	FFPE	samples	across	biological	con-
texts	and	disease	states.

	
Figure	5:	Validation	of	novel	CD20	neighbors	in	FFPE	tonsil	using	STED	(r	=	Pearson’s	Coefficient).	
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Supplemental	Figures	

	

Figure	S1:	Background	probe	activation	using	cells	fixed	with	formaldehyde	in	house.	

	

Figure	S2:	De-crosslinking	optimization	on	tonsil	tissue.	
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Figure	S3:	Crosslinking	and	de-crosslinking	293T	cells.	

	

	

Figure	S4:	Disulfide	containing	biomolecules	can	turn	on	labeling	under	nitrogen.	
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Protocol for FFPE tissue labeling with label-free proteomic analysis 

For proteomics runs, samples were run in triplicate. Slides were prepared with two tonsil sections per slide. 4 slides (8 total 
sections) were used per replicate for a total of 24 slides (triplicates for 1º and no 1º conditions).  
 
Tissue Preparation: FFPE blocks were mounted on a Leica HistoCore Biocut Microtome and sectioned at a depth of 5 mi-
crons. The sectioned were placed in a Boekel Scientific Lighted Tissue Flotation Bath Model 145702 that was set to a temper-
ature of 39.5ºC. Two sections were mounted on SlideMate Laser Plus Slides and moved to a slide drying rack. The rack was 
placed (baked) in a Thermo Scientific HERATHERM Incubator at 60ºC for 30 mins to melt some of the excess paraffin. The 
baked slides were then placed and agitated manually in a series of 2 xylene baths respectively for 30 seconds each. Finally, the 
slides were allowed to air dry in the fume hood for 30 mins. 
 
Day 1 Labeling: Deparaffinized slides were heated to 55 ºC for 30 min to remove residual water. Next slides were placed in 
a Coplin jar filled with Leica Bond Dewax and heated to 72 ºC in an oven for 1 hr. Slides were then washed 3x with Leica 
reagent Alcohol by submersion in a 50 mL Falcon tube. Excess liquid was removed by tapping and the slides were briefly (~2 
min) air dried. Next the slides were washed with Leica Bond 1X wash buffer 3x in the same manner. The perimeter of the slide 
was dried with a Kimwipe and a hydrophobic barrier was drawn with a pap pen. Next ~500 µL of Leica Enzymatic Epitope 
retrieval (1 drop per 7 mLs of Bond Enzyme Concentrate) was added to each slide and then incubated at 37 ºC for 5 min. Slides 
were then placed in a Coplin jar containing MilliQ water and washed with Leica Bond 1X wash buffer 3x in 50 mL Falcon 
tubes. Afterwards, the slides were incubated in 500 µL of blocking buffer A (3% BSA, 0.05% Tween 20, 20 µg/mL Human 
Isotype IgG in DBPS) for 1 hr. The blocking solution was removed by aspirator and replaced with CD-20 mouse primary IgG 
(ab9475, 1:100 dilution in a 3% BSA, 0.05% Tween 20 in DPBS) for the directed slides and blocking buffer B (3% BSA, 
0.05% Tween 20 in DPBS) for the control slides. The slides were incubated for 1 hr at room temperature. Next each slide was 
washed 3x with 500 µL Leica Bond 1X wash buffer. Each wash was incubated for 5 min and then removed from the slide via 
aspirator. Next 500 µL of SnChlorin-conjugated goat anti mouse secondary antibody (1 µg/mL in blocking buffer B) was added 
to each slide and incubated for 1 hr in the dark (Note: all steps until scraping tissue off the slides should be done in darkness, 
we typically place a box over the slides to protect them from ambient light). The secondary solution was removed by aspiration 
and the slides were washed with 500 µL of Leica Bond 1X wash buffer (4 x 5 min). In six distinct sets (each replicate), the 
final wash buffer was removed by aspiration, slides placed in the red light photoreactor and 500 µL of 1 mM biotin-aniline 
solution (in Leica Bond 1X wash buffer) was added. It is important to ensure each slide is placed equidistant from the lights 
(2x2 grid) to ensure even light distribution and intensity. Each set of slides was irradiated for 20 min then placed in a Coplin 
jar filled with MilliQ water in the dark. The slides were then washed with 500 µL of Leica Bond 1X wash buffer (3 X 5 min) 
and left in the dark overnight to dry.   
 
Day 2 Extraction and Bead Pulldown: The hydrophobic barrier was removed by wiping with a methylene chloride-soaked 
paper towel or by scraping with a razor. Next the 24 slides (12 control, 12 directed) were scraped into six low bind Eppendorf 
tubes (4 slides per tube) and reconstituted in 600 µL of freshly prepared Lysis Buffer B (4% SDS w/v, 80 mM HEPES, 80 
mM DTT, pH adjusted to 8 with aq NaOH). The tubes were then sonicated in the Bioruptor (high power, 30 sec on, 30 sec off, 
10 cycles) after, they were next secured with a plastic clip and heated to 95 ºC in a heating block with shaking for 1 hour. This 
sonication/heating cycle was repeated three more times (~4 hrs total). The tissue solutions were then hard pelleted at 4 ºC 
(spinning at x15,000g for 15 min) and the supernatant was transferred to new Eppendorf tubes. These solutions may be stored 
at 4 ºC for a few days if needed.  
 

Protein concentration was next measured by dot blot vs BSA standards prepared in Lysis Buffer B to normalize sample 
concentration before pulldown. This step can be omitted if serial sections are utilized and all sections are approximately the 
same size. The same amount of total protein was added to 15 mL Falcon tubes and diluted 1:5 with 1X RIPA buffer. Next 
streptavidin coated magnetic beads (Pierce 88817) were equilibrated to room temperature and mixed well to ensure homoge-
neity. 300 µL of beads were transferred to a low bind Eppendorf tube then pelleted on a magnetic bead separation rack and the 
solution removed. The beads were then washed twice with 1 mL of equilibration buffer (1:5 Lysis Buffer B to RIPA 1X) by 
resuspending then pelleting on the magnetic rack and removing the supernatant. The beads were then resuspended in 300 µL 
equilibration buffer and 50 µL of bead solution was added to each 15 mL Falcon tube. The tubes were incubated overnight on 
a rotisserie at 4 ºC.  
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Day 3 Bead Washing and Digest: The beads were next consolidated back to six, 1.5 mL low bind Eppendorf tubes by adding 
bead solution and removing supernatant. Following consolidation, the beads were washed (via resuspension, magnetic pelleting 
and supernatant removal) 3X with 1 mL 1% SDS in DPBS, 2X with 1 mL 1M NaCl in DPBS, 1X with 1 mL 10% EtOH in 
DBPS, and 3X with 1 mL 100 mM NH4HCO3 in MilliQ water. Next the beads were resuspended in 500 µL of 6 M urea in 
DBPS and 25 µL of 200 mM DTT in 25 mM NH4HCO3 and incubated at 37 ºC on a rotisserie for 30 minutes. Subsequently, 
30 µL of 500 mM IAA in 25 mM NH4HCO3 was added and the samples were incubated at room temperature in the dark on a 
rotisserie for 30 minutes. The beads were next pelleted on a magnetic rack and the supernatant was removed. The beads were 
next washed (via resuspension, magnetic pelleting and supernatant removal) 3X with 500 µL DBPS and 3X 500 µL 50 mM 
NH4HCO3. Afterwards the beads were resuspended in 500 µL 50 mM NH4HCO3 and transferred to six new low bind Eppendorf 
tubes. The beads were pelleted by magnetic separation and the supernatant removed. Finally, the beads were resuspended in 
40 µL 50 mM NH4HCO3 and 2 µL of MS grade trypsin (1 mg/mL in 50 mM optima grade acetic acid) was added. The beads 
were then incubated overnight on a rotisserie at 37 ºC).  
 
Day 4 Proteomics: The beads were pelleted, and the supernatant (~40 µL) was transferred to six new low bind Eppendorf 
tubes. Each tube was acidified with 1 µL of optima grade formic acid and spin filtered into a new Eppendorf via centrifuging 
at x10,000 g for 5 min. These samples can be stored at -80 ºC. Label-free, data independent analysis (DIA) proteomics was 
performed on a Brunker TIMS-TOF Pro 2 inline with a nanoElute LC. Per sample, 1 µL of enriched lysate was injected onto 
a trap column (C18 Pepmap, 5 µM particle size, 5 mm length, 300 µM internal diameter), followed by separation on an ana-
lytical column (C18 ReproSil AQ, 1.9µM particle size, 100 mm length, 75µM internal dimater). Peptides were eluted via a 
gradient consisting of MeCN/water at a column temperature of 40ºC (buffer A = 0.1% formic acid/water, buffer B = 0.1% 
formic acid/MeCN; flow rate 0.5 µL/min; gradient; start at 2% B, then increase to 35% B over 20 min, increase to 95% B over 
30 seconds, hold at 95% for 2.25 min.) Scans were performed in positive ion, dia-PASEF mode over a m/z range of 100-1700 
with a ramp time of 100 ms, Accu. time of 100 ms, and a duty cycle of 100%, ramp rate of 9.43 Hz, MS averaging set to 1. 
Absolute thresholds were set to 5000 for mobility peaks and 10 for MS peaks. 

The resulting raw data (.d files) were then processed via DIANN 18.8.112,13 via the following parameters: trypsin/P digestion, 
3 missed cleavages, 3 max. variable modifications, N-term M excision, Ox(M), Ac(N-term) and C-carbamidomethylation, 
peptide length range of 7-30, precursor charge range 1-4, m/z range 300-1800, fragment ion range 200-1800, Mass accuracy 
and MS accuracy both set to 10, precursor FDR set to 1%. Within the DIANN algorithm, the following settings are applied: 
“Use isotopologues”, “MBR” (match between runs), “No shared spectra”, “Heuristic protein inference”. A spectra library was 
utilized which was generated from DIANN via all known human proteins (In-Silico spectral library – generated in DIANN via 
FASTA of Uniprot human proteome UP000005640 – options selected were “FASTA digest for library-free search/library 
generation” and “Deep learning-based spectra, RTs and IMs prediction’, other parameters same as describe above). After 
processing, resulting matrix.pg files were worked up in Perseus (v. 2.0.7.0). Intensities are inputted as “main” while the other 
descriptors are listed as “categorical”. Intensities were transformed by log base 2, and data was annotated to the appropriate 
condition (e.g. pre, active, post phagocytosis). At this point, normalization was performed via median subtraction, and a vol-
cano plot was generated utilizing a t-test for statistical significance. Resulting volcano plots were plotted in GraphPad Prism 9 
for final figures. 
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