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Jarrod J Sa, % Andrew I Webb'?, Dina Stockwell', Nadia J Kershaw'?, Cyrus Tan'?, Satoshi
Ishido® , We Alexander'?, Douglas J Hilton"?, Jeffrey J Babon'* and Nicos A Nicola'”?
H

"The Walthza Hall Institute of Medical Research, 1G Royal Pde, Parkville, Vic 3052
Australia

> The Univer Melbourne, Royal Pde, Parkville, Vic 3050 Australia
*Departme ierobiology, Hyogo College of Medicine, 1-1 Mukogawa-cho, Nishinomiya 663-
8501, Japan.

CorresponCnicola@wehi.edu.au, babon@wehi.edu.au or sandow@wehi.edu.au

Keywords:mcell surface, Integrins, MARCH

Total number ds (including references, figure and table legends): 5,658

Abstract

MARCH { @

responses by"@@wn-regulating cell surface expression of major histocompatibility complexes I and II
as well as i o-stimulatory receptors. We recently showed that MARCH?2,3,4 and 9 also down-

are membrane-associated Ring-CH E3 ubiquitin ligases that dampen immune

regulate ceMysurface expression of the inflammatory cytokine receptor for interleukin-6 (IL6Ra). Here
we use over-expression of these MARCH proteins in the M1 myeloid leukemia cell line and cell
surface Hnalyses to globally analyse other potential targets of these proteins. A large range

of cell sur ins regulated by more than one MARCH protein in addition to several MARCH
protein-specific cell surface targets were identified most of which were down-regulated by MARCH

expression. ment amongst these were several integrin complexes associated with immune cell
homing, a and migration. Integrin a4f1 (VLA4 or VCAM-1 receptor) was down-regulated
only b 2 and we showed that in MARCH2 knockout mice, Integrin a4 was up-regulated
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specifically in mature B-lymphocytes and this was accompanied by decreased numbers of B-cells in
the spleen.

T

Statement mlnce

I
MARCH gSteins are a family of membrane-associated E3 ubiquitin ligases that dampen immune

responses regulating cell surface expression of histocompatibility complex proteins and T
and B lympitoc o-activation receptors. Recently we showed that MARCH?2,3,4 and 9 also down-
regulated eXpressigh of the pro-inflammatory interleukin 6 receptor alpha chain in T lymphocytes. We
now show using an unbiased global proteomics approach that expression of each of these MARCH
proteins hﬁcant effect on the cell surface expression of a large number of integrins in both
cell line an samples. These data add immune cell adhesion and migration to the growing list
of immune joms modulated by MARCH protein expression and suggest that further study of this
important phenomghon may shed light on immune cell regulation.

Introductic

roteins were first described as viral genes K3 and K5 of g-herpesviruses (including
oma-associated herpesvirus) that encoded ubiquitin ligases that down-regulated MHC
class I chains offmfected cells(1-3). These proteins contained two putative transmembrane domains
and an minal cytoplasmic RING-CH domain that mediates E3 ubiquitin ligase activity.
Ubiquitinated substrates are targeted for intracellular sorting through endocytosis and late endosome
routing to lysosomes where the substrate is degraded.

Eleven relins were subsequently described in mammalian species with most displaying the

same domaigtgltures as the viral proteins. Sequence analyses suggested that

several @ahan MARCH proteins occur in related pairs (MARCHI1 and 8; MARCH?2 and 3;
MARC 1) while others retain the RING domain but contain larger numbers of
transmeWains (MARCHS and 6) or do not contain transmembrane domains (MARCH7,10).
A large number of potential substrates have been described for viral and mammalian MARCH
proteins including@WIHC-I (viral K3,K5, MARCH4,9), MHC-II (MARCH1,8), immune co-stimulatory

receptors al K5,MARCH2,8), immune adhesion receptors PECAM1, VE-cadherin, ICAM1
(viral K3 or cytokine receptors IFNGRI1(viral K3, K5) and intracellular organelle sorting
molecu ins (viral K5, MARCH2,3) among many others(4-7).

Most of the MARCH protein targets are cell surface receptors involved in immune activation
including antigen presentation, T and B lymphocyte activation, immune cell adhesion and migration.
Since the almost universal effect of MARCH protein-mediated ubiquitination is loss of these receptors
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from the cell surface it appears that the major role of MARCH proteins is to prevent excessive
responses to immune stimuli.

ered in an unbiased cDNA expression screen that MARCH?2,3,4 and 9 could each
ding to the cytokine interleukin 6 (IL6) and this was exclusively due to MARCH-
6 receptor alpha (IL6Ra) chain from the cell surface(8). This prompted us to
explore%e%l unique and overlapping targets of these MARCH proteins using over-expression
and detailehmic analyses of loss of cell membrane proteins. We identified immune adhesion
receptors (w integrins) as major targets of these MARCH proteins and showed that MARCH?2

induced loss of the

has a uniqie physi@logical role in preventing overexpression of integrin a4 on B lymphocytes and
thus regulate

Materials jcds

M1 cells ag infection with MARCH-expressing lentivirus.

icking of B cells.

The M1 vmeloid leukemia cell line (ATCC cat. No. TIB-192) derived from the SL mouse
strain was maintained in DME medium containing 10 % (v/v) fetal calf serum at cell density less than
1x 10° mn a fully humidified incubator at 37°C and 10% CO,. M1 cells were infected
individually wi trovirus expressing either mouse MARCH?2, proteolytically inactive MARCH2
WI7E, ARCH4 or MARCHY. We have previously shown that the alternate transcript
MARCH3 (F8WJC4.3) used in this study was able to down-regulate cell surface expression of IL6Ra
in M1 cells (8). Retroviral constructs were generated from constructs in the pCFB vector (Stratagene).
All constn& contained an N-terminal FLAG sequence (MADYKDDDDK) to allow for detection by
Western blot. The Uniprot accession numbers for the MARCH proteins are: MARCH2: Q99MO02.1,

MARCHS3; .3, MARCH4: Q80TE3, MARCHY: Q3TZ87. These open reading frames were
inserted in oR1 and Xhol sites of the vector and in addition an IRES-GFP element was
inserted dow; between Xhol and Notl sites.

Viral pa“ding these constructs were generated by transfection of 293T cells. The cells were
cultured in dium (Life Technologies) supplemented with 10%(v/v) bovine calf serum (BCS)
in a humidified ;nosphere with 10% (v/v) CO, at 37°C. 3-4 million cells were subsequently
.4 mg of plasmid, 4.8 mg of MDI GAG-POL plasmid and 0.6 mg of VSVg. The
plasmids wergdi880lved in 250 mM CacCl, and then precipitated with an equal volume of 2XHBS and
added t <-|@ BT cells pre-treated with 25 mM chloroquine (Sigma-Aldrich). Cell culture medium
was replaced ™

transfected

and 24 h post-transfection.

The virus was then used to spin-infect M1 cells. Briefly, 1 ml of viral supernatant was added to
500,000 M1 cells followed by addition of polybrene (4 mg/ml). The plates were centrifuged at 693 x g
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for 1 hour at 23°C before being cultured in a humidified atmosphere with 10% (v/v) CO, in
DME/10% FCS at 37°C. After 24 hours cells were washed with 4 x 5 ml DME and transferred to 10
ml DME containing 10% (v/v) BCS and cultured for 2-3 days.

Infected c sorted for GFP positivity on a Becton Dickinson FACS Aria III cell sorter and
expanded for 3 weeks with five replicates of 107 of each infected population being used for the

proteonfc E
Enrichme@gestion of cell surface proteins

The termina;:swl; acid residue on glycans attached to cell surface proteins were oxidized and labelled
with biotinmn of 1mM sodium metaperiodate, 200 uM aminooxy-biotin (Biotium, USA), 10

mM anilin 6.7 and incubated in the dark at 4°C with gentle agitation for 1hr. The reaction
was quenche dition of 1 mM glycerol, before washing twice with PBS pH 7.4. To determine
complete ¢€ll surface labelling, a small aliquot was taken from each sample and stained with
streptavidi D biosciences, USA) before analysis by flow cytometry (Becton Dickinson).
Cells were sis buffer: 150 mM NaCl, 1% v/v Triton X-100, 50 mM Tris-HCI, pH 7.6, 5 mM
iodoacetanmmmented with complete mini protease inhibitor tablets (Roche)) and incubated at
4°C for 30 end-over-end mixing followed by centrifugation at 2800 x g for 10 min at 4°C.
Supern etained and centrifuged at 21,000 x g for 10 min. Biotinylated proteins were
enriched fro e mixtures using high capacity Streptavidin Agarose beads (Pierce, USA) for 1hr
at 4 °C wi -over-end mixing. Beads were washed with Lysis Buffer (2 times), PBS/0.5% w/v
SDS (2 ¢ incubation of beads with 100mM dithiothreitol, 0.5% w/v SDS, PBS pH 7.4 for

20min. Beads were transferred into snap cap columns (Pierce), washed with UC buffer (6 M Urea, 100
mM Tris-H&1 pH 8.5; 2 times) before alkylation of cysteine residues by incubation with 50mM
iodoacetarL buffer in the dark for 20min. Beads were then washed in UC buffer (10 times),
PBS pH 7.4 lnes), water (3 times) before on-bead digestion of proteins using 2pug of trypsin
(modified s g grade, Promega) resuspended in 50mM Ammonium Bicarbonate, over-night at
37°C with g aking. Digested peptides were collected by centrifugation at 1000 x g into clean

LoBind tu endorf, Germany). Beads were washed with 50mM Ammonium Bicarbonate
before cenf§ifugation again and pooling of samples followed by SpeedVac-assisted solvent removal
and storagi ; - 'C.

Mass Spem and Proteomics analysis

Peptides were resuspended in 2% acetonitrile, 1% formic acid and injected and separated by reversed-
phase liquid chromatography on a M-class UPLC system (Waters, USA) using a 250mm x 75pum

column (1.6um C18, packed emitter tip; lonOpticks, Australia) with a linear 90-min gradient at a flow
rate of 400 nl/min from 98% solvent A (0.1% Formic acid in Milli-Q water) to 34% solvent B (0.1%
Formic acid, 99.9% acetonitrile). The UPLC was coupled on-line to a Q-Exactive mass spectrometer
(Thermo Fisher, USA). The Q-Exactive was operated in a data-dependent mode, switching
automatically between one full-scan and subsequent MS/MS scans of the 15 most abundant peaks.
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Full-scans (m/z 350-1,850) were acquired with a resolution of 70,000 at 200 m/z. The 10 most intense
ions were sequentially isolated with a target value of 100000 ions and an isolation width of 2 m/z and
fragmented using HCD with normalized collision energy of 27. Maximum ion accumulation times
were set to 50ms for full MS scan and 50ms for MS/MS. Dynamic exclusion was enabled and set to
20 seconds.

The raw files were analyzed using the MaxQuant software (version 1.5.8.3) and the database search
was performed using mouse sequence obtained from Uniprot including isoforms with strict trypsin
specificity allowing up to 2 missed cleavages. The minimum required peptide length was set to 7
amino acids. Carbamidomethylation of cysteine was set as a fixed modification while N-acetylation of
proteins N-termini and oxidation of methionine were set as variable modifications. During the
MaxQuant main search, precursor ion mass error tolerance was set to 4.5 ppm and fragment ions were
allowed a mass deviation of 20 ppm. PSM and protein identifications were filtered using a target-
decoy approach at a false discovery rate (FDR) of 1%. The “match-between-runs” option was
selected.

Further analZsis ;s performed using a custom pipeline developed in R, which utilizes the LFQ
intensity values in the MaxQuant output file proteinGroups.txt. Proteins not found in at least 50% of

the replic i one group were removed. Missing values were imputed using a random normal
distributio s with the mean set at mean of the real distribution of values minus 1.8 s.d., and a
s.d. of 0.3 times the s.d. of the distribution of the measured intensities. The probability of differential

between groups was calculated using the Limma R package. Probability values
ultiple testing using Benjamini—Hochberg method. Protein interaction networks
whose expression was significantly altered by expression of individual MARCH
determined by the STRING program version 11.0 (http:/string-

Flow cytoStry

Bone marr@pleen cells from MARCH2 KO (see ref (8)) or age and sex matched C57Bl6 mice
were analys w cytometry on a Becton Dickinson LSR Fortessa instrument with all blood cell

subsets deffhed exactly as described in Babon et al 2019 (8). The biotinylated rat anti-mouse integrin
o4 anti m Biolegend (Cat No 103703, 1/2000) and the biotinylated hamster anti-mouse
integrinM was from Biolegend (Cat No 102203, 1/2000) with respective isotype controls
from e-bioseryi (13-4321-81) and Biolegend (400903) and these were visualised with PE-Cy7
streptavidi%ibed previously (8). M1 cells were also analysed as described in the same paper

with the f antibodies: biotinylated goat anti-mouse IL18R1 from R&D Systems (Cat No

BAF856, 1/10 tinylated goat anti-mouse CRLF2 from R&D Systems (Cat No FAB5461P, 1/30)
and we ized with PE-streptavidin as described in (8). Respective isotype controls were from
R&D Sys t Nos BAF108 and Ic108P).
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Results and Discussion

Global W proteins whose expression is affected by MARCH2,3.4 or 9 overexpression.

Q.

Five replicatesgeagh from parental M1 cells or M1 cells infected with viral constructs expressing
murine MARCH2, MARCH2 W97E, MARCH3, MARCH4 or MARCHY9 were processed as
described i als and Methods section to enrich for cell surface proteins and tryptic peptides
were then g#halySed by quantitative LC-MS/MS. High quality data were obtained with good
quantitativ@yeprodulcibility observed for replicates (Supplementary Tables 1 and 2). MARCH2 W97E
represents a mugant transcript that we have shown previously to lack the capacity to down-regulate
IL6Ra levels cells (8) and thus serves as a negative control.

Before dismhe results and comparison with the literature it is worthwhile to consider the
restrictions grlimitations associated with these results and their comparison with the results of others.
Firstly, weghave used a mouse monocytic leukemia cell line whereas others may have used human
cells or cel ififerent cell lineages (eg epithelial, lymphoid etc). It is possible that there are species
differences Jmm#ARCH protein specificity and certainly there will be differences in the expression of
different c proteins in cells of different lineages. Secondly, our strategy for identifying cell
surface prot€inS®Will only detect glycoproteins that also contain sialic acid moieties so some cell

surface Il be missed in this approach. Thirdly, because our approach only measures
differences 1 s of surface proteins it cannot distinguish between direct targets of MARCH
proteins er proteins that may be binding partners of direct targets or whose expression is
otherwi t on a direct target. Finally, the measured differences in protein expression levels

do not inform of the mechanism(s) responsible for these changes that may include increased
internalisas n and degradation of receptor, decreased recycling, failure in trafficking from the
endoplasmi m to the cell surface or decreased rate of synthesis.

-regulated by MARCH2 (> 2-fold change with p<0.01) (Fig 1) at least 30 were
the STRING protein-protein interaction network. The major hub proteins were integrins
), integrin aM (ITGAM)), CD86 (that provides co-stimulatory signals to T cells),

the Fc rWRIA and the sheddase ADAM10 (Supplementary Fig. 1). Up-regulated proteins
(64) were less well connected but hub proteins again included integrins (Integrin aX (ITGAX) and

integrin OLE), T-cell co-stimulatory signals (CD28) or T cell inhibitory signals (HAVCR2)
and chemalks eptor CXCR4 (Supplementary Fig. 2). Previously identified MARCH?2 targets
include b2-adr ic receptor, STX6, CAL, CFTR, DLG1, TFR, CD86 and Dishevelled (4, 9) but in
ed M1 cells these proteins were either not detected or their expression was unaffected
ceptor, DLG1, TFR). CD86 down-regulation by MARCH2 was confirmed in
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Fewer proteins were down-regulated by MARCH3 (19) (Fig 1) but again the main STRING hub
proteins were integrins (integrin a6 (ITGA6) and integrin oL (ITGAL)) and the Fc receptor FCGR1A
(Supplementary Fig. 3). A larger number was up-regulated by MARCH3 (39) with main interaction
hubs be“ (Integrin aX (ITGAX)), cell adhesion molecules (PECAM1 and CD2) and T-cell

co-stimulatouymsignals (CD28) or T cell inhibitory signals (HAVCR2) (Supplementary Fig. 4). Of the
previously ARCH3 targets, BAP31, STX6, FCGR2B, FOXO01 and IL1R1 (4, 10) we were
unable to c© down-regulation of any in MARCH3-M1 cells although IL1R1 was down-regulated

in MAR@H2=WVENGE]|s.

L

Of the pro‘ins do?n-regulated by MARCH4 (111) (Fig 1) several different hubs could be observed

in STRING ing hubs centred around the receptor tyrosine phosphatases PTPRC and PTPRA
(both show ate src-like kinases associated with integrin or lymphoid cell signalling)(11, 12),
the integri , ITGAS and ITGAG6, the enzyme glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), tors (FCGR2B, FCGR1A, FCERIG), IL10 and TNF receptors (Supplementary
Fig. 5). The up-rd@gulated proteins (118) showed a major hub involving several members of the
spliceoso P, SRSF4 and 11, SREK1, SRRT, SRRM2), as well as hubs for glycosylation
enzymes ( AN2B1, GLB1,GUSB) and integrins (ITGAX,PECAM1) (Supplementary Fig.
6). Previo identified targets of MARCH4 include BAP31, CD4, CD81, STX4, ALCAM, Multl
and MHC- ents (4, 13) but none of these were detected in M1 cells.

Smaller proteins were regulated by MARCHY (Fig 1). Down-regulated proteins (20)

und integrins (ITGA6, ITGAL) and Fc receptors (FCGR1A) while up-regulated
proteins (21 d small hubs around the purinergic receptors (P2RX4 and 7), adhesion receptors
), cytokine receptors (IL2RG and IL18R1) and inhibitory receptors (CLEC12A
and HAVCR?2) (Supplementary Figs.7 and 8). Previous data including a proteomic analysis of a
MARCHSY gxpressing B cell line (13, 14) detected decreased expression of Bap31, ALCAM, MULT]I,
VAMPS, h PlexinC1, ICAM1, FCGR2b, PTPRJ, SLAM, TRAILRI, ILT, CD4, CD32B,
CD86, CD15@mC D155, and MHC 1 and II components. Most of these were not detected in our
9-infected M1 cells. We saw decreased expression of HLA-D1.1 but we failed to
@D86, FCGR2b, ICAMI1, VAMPS, TMEM2 or PTPRJ in MARCH9-M1 cells,

suggesting£y be cell type-specific actions of MARCH proteins.

While Mand MARCH3 were detected as expected as up-regulated proteins in the
respectivel M1 cells MARCH4 and MARCH9 were not. It is unclear whether these latter
MARCH proteins dre either non-glycosylated or do not contain sialic acid residues, a requirement for
detection using our protocols (see Materials and Methods section).

Proteins whose expression is uniquely affected by individual MARCH expression.

Of the integrins, integrin o4 and B1 were uniquely down-regulated by MARCH2 (Fig 2). These
integrins form the complex VLA4 (very late antigen 4) that is expressed on most hemopoietic cells
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and binds to vascular cell adhesion molecule 1 (VCAMI1) (that is itself expressed on stromal and
endothelial cells) as well as the extracellular matrix component fibronectin. VLA4 is thus involved
both in retaining hemopoietic cells in stromal niches as well as adhesion of hemopoietic cells to
vascula im and extravasation from the circulation into the tissues. Other proteins uniquely
down-regulatedmiaclude the ectonucleotide phosphodiesterase (Enppl) that controls calcification and
regulates i @ ynalling, Toll receptor 2 (TIr2) that recognises various bacterial lipoproteins, the
deglycosidasemNagpaminvolved in targeting hydrolases to the lysosome, the dystroglycan Dagl
involveds inmeshimagdhesion to extracellular matrix and the anion exchanger slc4a2. Uniquely up-
regulated goteins included the zinc transporter Slc39a6 and TNF superfamily 4 (Tnfsf4).
Interestingly, all the uniquely down-regulated proteins were either unaffected or slightly up-
regulated 1 1 Cells expressing the RING-mutant form of MARCH2 (W97E), all the up-regulated
proteins w p-regulated by the RING mutant (Supplementary Fig 9). This may suggest that

up-regulatime proteins is not dependent on ubiquitination processes but other protein-protein

interactions{inglving MARCH?2.

Proteins uJown-regulated by MARCH3 (Fig 2) included the viral restriction factor bone

marrow st tigen2 (Bst2,tetherin), the lysosomal enzyme Gba (glucocerebrosidase), the
calcyclin Qinding protein (Cacybp) involved in ubiquitination, the chloride/proton exchange
transporter ! the chromatin modifier Brd4 and the cell repulsion ephrin receptor (EphA7).
Uniquely dted proteins include integrin a7 that is involved in lymphocyte homing to gut

tissue, the in coupled receptor Mgrgl, the F-actin binding protein Lspl that regulates
hemopoietic cell"adhesion and trans-endothelial migration, the vesicular protein trafficking protein
(Tm2 and receptor tyrosine phosphatase F (Ptprf) that regulates EphA2-mediated
adhesion.

tyrosine p es Ptpra and Ptprc, the former activating src kinases and cell adhesion and the
ing src kinases and antigen signalling in both B and T cells. Other proteins include
@ Tyro3 that signals from the extracellular matrix, the SLAM receptor Ly9 also
gfon and negative regulation of immune reactions, the transmembrane glycoprotein
myeloid development, transmembrane protein 119 (Tmeml19) involved in
osteoblast development, the immune inhibitory receptor Cd3001f, Toll receptor 4 (TIr4) the bacterial
lipopol receptor, the insulin receptor (Insr) and the protein elongation factor Eeflg.
Uniquel“ted proteins included the Golgi-associated glycoprotein (Glgl) that binds E-

selectin, nﬂulator 1(Nomol) an antagonist of nodal signalling, and the cell surface mucin

The most irominent proteins uniquely down-regulated by MARCH4 (Fig 2) were the receptor

involved in'
Evi2b invo

Muc13 that may adh as an immunosuppressant.

There proteins uniquely regulated by MARCH9 expression (Fig 2). They included down-
regulation of 1 in 32 (ITGB2), an essential component of the lymphocyte functions associated
antigen-1 (LFA-1) that also includes integrin ol (ITGAI1) and is required for extravasation of
hemopoietic cells and efficient antigen presentation, and up-regulation of the purine selective
nucleobase transporter, Slc43a3.
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A summary Venn diagram of overlapping and specific targets of the four MARCH proteins are shown
in Fig 3. It is of interest that very few proteins were identified that were targets of all 4 MARCH
proteins. Of these (ITGA6, FCGR1, CD97 and P2rx7) only CD97 was also up-regulated in M1 cells
expressi“ mutants of MARCH2 and MARCH3. It therefore remains possible that up-

regulation c&nply reflects viral infection per se.

MARCH regulate cell surface expression of cell adhesion proteins and cytokine and
growth fa tors

proteins inglu tegrins, cadherin 17 (Cdhl17), platelet and endothelial cell adhesion molecule 1
(PECAM1)S orin (Spn), ephrins and ephrin receptors, and to a lesser extent intercellular

adhesion 3 (Icams). Among the integrins, the laminin-binding integrin a6 (ITGA6) was
and str

The most dominant changes in protein levels induced by MARCH proteins were in immune adhesion
g
1

uniformly gly down-regulated by all 4 MARCH proteins (but not by the MARCH2 W97E
mutant) but one of its partner subunits, integrin 31 (ITGB1) was down-regulated only by MARCH2.
This suggeﬂ\e [ integrins are unlikely to be the direct targets of the MARCH proteins. Integrin

al (that f collagen and laminin receptor when complexed with integrin 1) was down-

regulated b H2 and MARCH3 but up-regulated by MARCH9 and not affected by MARCH4.
Integrin W) (that with integrin B2 forms the intercellular adhesion molecule VLA1 that
binds IC ) strongly down-regulated by MARCH4 and MARCHY but was up-regulated by
MARC fected by MARCH3. Although Integrins aX and aM (ITGAX, ITGAM) both
form hetero with integrin B2 and have similar specificities for inactivated complement 3b
(iC3b) a ence to activated endothelium, ITGAX was strongly up-regulated by MARCH?2, 3
and 4 was up-regulated by MARCH4 and down-regulated by MARCH2. Integrin a2

was mildly down-regulated by MARCH2 and MARCH9 only. Platelet endothelial cell adhesion
molecule ISPECAMI) and the adhesion GPCR CD97 were both up-regulated by MARCH3, 4 and 9.

Both are i n binding to or attracting endothelial cells through interactions with CD177 or
avp3 integpi S§pectively. Cadherin 17 (Cdh17) mediates calcium-dependent cell-cell adhesion and
was down-£g by MARCH3.,4 and 9.

The in&receptor o chain (IL6Ra) previously shown by us to be down-regulated by

expressi CH2,3.,4 and 9 (8) showed a dramatic reduction in M1 cells expressing any of
these M ins. Interleukin 1 receptorl (IL1R1) was significantly down-regulated by all four
MARCH proteins While the interleukin 10 receptor was down-regulated by MARCH2,4 and 9 but up-
regulated CH3. In contrast the interleukin 18 receptor 1 (IL18R1) was significantly up-
regulated by H2,4 and 9 but unaffected by MARCH3.
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Validation of proteomic results.

MARCH proteins. As shown in Figure 4, our results confirmed the specific reduction of integrins o4

and B1 ?ol wing MARCH?2 over-expression. The cytokine receptor CRLF2 was down-regulated by
MARCH2, (but not MARCHY) and the IL18 receptor (IL18R1) was up-regulated by

MARCHZQbut not MARCH3 (Fig 4), again confirming the proteomic results. Interestingly,
ined

IL18RI1 re evated even in M1 cells that had lost GFP (and presumably MARCH) expression
suggesting ARCH expression may have led to epigenetic changes controlling IL18RI1
expression the exact mechanism controlling the elevated expression of ILI8R1 remains to be
determine

MARCH2 knockout mice show increased levels of integrin a4 specifically on mature B-cells.

ice were harvested, labelled with various lineage specific antibodies and flow
cytometry use measure cell surface expression of these integrins in various hemopoietic cell
subsets.

dendritic cells,

ugh various hemopoietic cell subsets express integrin o4 (including macrophage,
and T lymphocytes and to a lesser extent neutrophils) only mature B cells (IgM+/-
IgD+) showed a clear up-regulation of integrin o4 on the cell surface while immature B cells
(IgM++Igl§i showed little change in integrin a4 levels. This was very apparent for bone marrow B
cells but also observed at a lower level for spleen B-cells (Fig 5 and Supp Fig. S10). Interestingly,
integrin [3 1% very mildly elevated in MARCH2 KO B cells compared with the much larger
elevations Sgen fef’ integrin a4 (Supp Fig. S11) even though it was prominently down-regulated by
over-expressi ARCH2.

Analysiwluency of different hemopoietic cell subsets in MARCH2 KO vs wild type bone
marrow a showed a dramatic and highly reproducible reduction in the mature B cell
(IgM+IgD+) frequency in spleen from about 30% to 24% with inconsistent effects on the small

number of n the bone marrow (Fig 6 and Supp Fig. S12).

It has been reportcd that integrin 041 complex (VLA-4) is required for adhesion of immature B-cells
to bone marrow stroma and its expression decreases as B cells mature in both human and mouse (15,
16). Indeed, it is thought that this interaction is required for B cell maturation in the bone marrow and
that the decrease allows the release of mature B cells from the bone marrow so that they can colonise
the spleen. It has also been shown that ITGA4/ITGB1 (VLA-4) is required for adhesion of human B-
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cells to VCAM-1 (INCAM-11) on dendritic cells in spleen germinal centres(17). Thus, alterations in
integrin a4 levels on B-cells could have multiple effects on B cell trafficking to and from the spleen
resulting in the observed decrease.

The differe @ between over-expression of MARCH2 in M1 cells (dramatic reduction of both
integrins- o4 and 1) and knockout of MARCH?2 in primary cells (B cell specific and greater effect on
integrin o Ean %1) might indicate that physiologically (at least in the steady state) MARCH?2 only
regulates iLél in B cells and that the effects on integrin 1 might be indirect. Thus if most of
integrin f3 cells is in integrin a4/B1 complexes its levels will be dramatically affected by
down-regul@tion off integrin o4 but if integrin B1 is in multiple other complexes (for example with
integrins a1-10)2in B cells the effects of down- or up-regulation of integrin a4 may only have a
minimal effectf®n t@tal integrin 1 levels.

Conclusi0:

We identi% e number of potential protein targets of MARCH2,3,4 and 9 with a few unique
and many ng targets. Of the proteins where a change in abundance was observed following
MARCH ession, it was not possible to distinguish direct from indirect MARCH

argets, however, it was clear that the majority of affected proteins were cell surface
jated with immune and inflammatory responses. The most prominent amongst these

esion receptors and especially immune integrins. Integrin a4 1 was specifically
y by MARCH2 in M1 cells and this was confirmed by flow cytometry. A
physiological role of MARCH?2 in regulating expression of this integrin was confirmed in MARCH?2

mature B- e spleen were reduced. This may suggest a role for MARCH2 in down-regulating

integrin o4 expeession on B cells as they mature in the bone marrow allowing their release from the
bone marrnvironment to traffic to the spleen while other hemopoietic cells were unaffected.
-

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE epository with the dataset identifier PXD019967

<

KO mice Xhere integrin a4 was up-regulated in mature B-cells in the bone marrow and the levels of
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Figure legends

Figure lw)lots of M1 cells over-expressing MARCH?2,3,4 or 9 proteins versus wildtype M1
cells. Y-axj -log10 adj. P value of a difference and x-axis is the log2 fold quantitative change
determinedSg gribed in Materials and Methods. The top 20 significantly differentially expressed
ed with the gene name for each MARCH protein.
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Figure 2. Comparison of -logl0 adj. P values of protein changes for M1 cells expressing
MARCH?2,3,4 or 9 versus wildtype M1 cells. Values in each axis were made positive or negative
based on a positive or negative log2 fold change for each comparison. Proteins uniquely down-
regulateHlated by individual MARCH proteins are labelled with the protein abbreviation.

Down-regul oteins are indicated in black and up-regulated proteins are indicated in red.
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Figure 3. Venn diagram of proteins whose expression is significantly altered by the expression of

MARC

. Down-regulated proteins are indicated in black, up-regulated proteins are

indicated i’ red and proteins that are down-regulated by some MARCH proteins but up-regulated by

others are i
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Figure 4. Dot-plot flow cytometric analyses of M1 cells infected with MARCH2,3,4, or 9 or wildtype

M1 cel rface expression of IL18 receptor 1 (IL18R1), CRLF2 (cytokine receptor-like
factor or th E:: étromal lymphopoietin receptor), CD49d (integrin a4) or CD29 (integrin 1). The y-

axis repre rescent intensity of the PE-tagged avidin/antibody complexes and the x-axis
represents intensity due to the GFP protein co-expressed with the MARCH protein.
IL18R 1 gxpressigpgwas up-regulated by expression of MARCH2,4 and 9 and remained elevated even
in M1 cellggthat subsequently lost GFP expression. CRLF2 expression was down-regulated by all 4
MARCH p&hile integrins o4 and 31 were down-regulated only by MARCH?2.
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Figure 5. Flow cytometric analyses of integrin a4 (ITGA4) cell surface expression on various B cell
subsets from bone marrows of age and sex-matched wildtype mice (black) or MARCH?2 knockout
mice (red), results from two mice of each genotype are shown with isotype controls for all 4 mice
shown i is is normalized cell number and x-axis is the fluorescent intensity of cells stained
with the bigt pled antibody complexed with PE-Cy7 tagged streptavidin. The windows used to
select the i -cell subsets are shown in the dot-plot of IgM versus IgD cell surface expression
of bone mEFFEN pre-selected to be viable, CD3-CD19+ cells. This experiment was repeated
twice usihgimieesof alternating sex with similar results.
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Figure 6. T cell and B cell subset frequencies in the spleens of age and sex matched C57Bl/6 wildtype
or MARCH?2 knockout mice. Subsets were selected by flow cytometry as described in Babon et al
2019(8) and in Fig. 5. Four mice of each genotype and both sexes from two different experiments are
shown. Hcells (CD3-CD19+IgM+IgD+) was the only subset showing a statistically

significant M (p<0.001, paired student T test, n=4)
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