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Therapy-induced presentation of cell surface calreticuli (CRT) is a pro-phagocytic
immunogen bene cial for invoking anti-tumor immunity. Hex, we characterized the
roles of ERp57 anda-integrins as CRT-interacting proteins that coordinatelyegulate

CRT translocation from the ER to the surface during immunogec cell death. Using
T-lymphoblasts as a genetic cell model, we found that drugAduced surface CRT
is dependent on ERp57, while drug-induced surface ERp57 isndependent of CRT.

Differential subcellularimmunostaining assays revealdidat ERp57 = cells have minimal
cytosolic CRT, indicating that ERp57 is indispensable forxra-ER accumulation of
CRT. Stimulation of integrin activity, with either cell adsion or molecular agonists,
resulted in decreased drug-induced surface CRT and ERp57 lels. Similarly, surface
CRT and ERp57 was reduced in cells expressing GFFKR, a conserd a-integrin

cytosolic motif that binds CRT. Drug-induced surface ERp57evels were consistently
higher in CRT = cells, suggesting integrin inhibition of surface ERp57 ismaindirect

consequence ofa-integrin binding to CRT within the CRT-ERp57 complex. Funermore,

bl = cells with reduced expression of multiplea-integrins, exhibit enhanced levels of
drug-induced surface CRT and ERp57. Our ndings highlighttie coordinate involvement
of plasma membrane integrins as inhibitors, and ERp57 origating from the ER as
promoters, of CRT translocation from the ER to the cell surfze.

Keywords: integrins, calreticulin, ERp57, immunogenic cell death, leukemia, cell adhesion

INTRODUCTION

Immunogenic cell death (ICD) is a form of therapy-induced tantell death which culminates
in the release of damage associated molecular patterns (DABIs to invoke an e ective
antitumor immune responsel( 2). Certain ICD-inducers able to provoke endoplasmic reticulum
(ER) stress resultin cell surface presentation of severaeBRent chaperone proteins as DAMPS,
including calreticulin (CRT, encoded BJALR and ERp57 (encoded BDIAJ) (3, 4). Even though
surface ERp57 is non-immunogenic, it is non-dispensable fosgmeation of surface CRT as the
immunogenic counterpart4, 5). Thus, a mechanistic understanding of the regulators ofexe
CRT can improve the e cacy of therapies that optimize the ICDpesse.
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CRT is a C& binding and bu ering lectin that is highly pen-strep and nonessential amino acids [ThermoFisher])l Ce
abundant in the ER-lumeng( 7). ERp57 is a protein disul de transfection was done by nucleofection (Lonza).
isomerase (PDI) which mediates thiol-disul de interchasg T-ALL primary sample from diagnosis and samples from
during post-translational folding of glycoproteinsg,( 9). subsequent relapses of the same patient were obtained from
Structurally, both share common features that determineirth the BC Children's Hospital Biobank with ethics approval
primary ER-localization, such as an N-terminal signal peptidérom the BC Women's and Children's Hospital institutional
directing translational synthesis into the ER-lumen, and aeview board (H12-03216). Patient bone marrow aspirate was
C-terminal K/QDEL ER-retention motif. Increasingly, stegi injected via tail vein into NOD-SCID/IL-2B null (NSG)
have identi ed extra-ER localization of either protein thlahs mice (Jackson Laboratory). Mice were monitored for human
implicated additional non-chaperone related functiodi$),(11).  leukemia engraftment by ow cytometry analysis of peripheral
Within this context, the extra-ER roles of CRT have been mord®lood. Those with high leukemia burden were euthanized and
intensely studied, in part due to its deemed signi cance as atheir spleens (80% human CD4% lymphoblasts) immediately
immunogen for professional phagocytes. However, ERp57 arsburced for human T-ALL cells.
CRT directly interact to form a stable complekX 13), thus it is
likely that ERp57 would be present in the same extra-ER localésRISPR-Cas9 Generation of CRT =

as CRT. ERp57 = ,and bl = Jurkat Cell Lines
The integrin family of transmembrane cell adhesion receptor CRISPR-Cas9 generation of CRT cells was described
are heterodimers composed of @ and ab- subunit (14).  previously @0). ERp57= cells were generated using

Integrin activation describes a functional switch from avio 50CCGACGTGCTAGAACTCACGR as guide DNA

to a high-anity ligand binding state, with accompanying targeting PDIA3 exonl. bl = cells were generated using
conformational changes to the extracellular, transmembrand 50T TTGTGCACCACCCACAATTS as guide DNA targeting
cytoplasmic domains of thab-subunits (L5). We, and others, |TGB1 exon2. Guides were cloned into plasmid pX458)(
have shown that cell adhesion enhaneesitegrin interaction  transfected by nucleofection (Amaxa, Lonza) into WT Jurkat
with CRT, in a manner dependent on the cytosolic GFFKRcells, and 24 h later ow-sorted for Cas9-GFP positive singlisc
peptide motif ((6-18). The human genome encodes up to 21to isolate transfected clones. ERp57 clones were identi ed
a-integrin isoforms with sequence-unique cytoplasmic domsai by Western blotting, whilebl = clones were identied by
except for the conserved juxtamembrane GFFKR motif thaitow cytometry for loss of the respective protein expression.
forms the inner membrane clasp with ibssubunit counterpart PCR amplicons for the targeted genomic loci for each clone
(14,19). Since protein interactions involving integrin cytoplasmi was sequenced to con rm indel formation. The data shown
tails form the basis for integrin adhesion-mediated sigrm@l in this manuscript is for the representative clones Erp57-1.1
the GFFKR-mediated integrin-CRT interaction may condéta (ERp57 = ) and JCb1-2.841 = ), with the major phenotypes

conserved signaling mechanism attributable todhsubunit for  reproduced in at least one other independently derived clone.
any giverab-heterodimer.

Previously, we showed that leukemic blasts treated with-ICDF|ow Cytometry

inducers while engaging integrin substrates exhibiteduced | SRFortes$¥ and Accuri™ C6 were used for analytical work

presentation of cell surface CRT, suggesting that integristion  and FACSAri&" (BD) for cell sorting. Post-acquisition analysis

can suppress ICD2(). We characterized the successful release afias done using FlowJo (Tree Star).

CRT from the ER to the cytosol, but which failed to present on

the surface of cells with activated integrins. This phenoamen Antibodies

can be explained as CRT being sequestered within the cytoso@tibodies for ow cytometric detection of surface antigen

space as a result of binding with the juxtamembrane GFFKR@2-integrin (P1E6-C5), a3-integrin (ASC-1), a4-integrin

motif of a-integrins. In the present study, we assessed both th@F10), a5-integrin (NKI-SAM-1), a6-integrin  (GoH3),

roles and surface presentation characteristics of ERp57 aifd CRR4/80 (BM8, BioLegend)yl-integrin (sc-53711, Santa Cruz);

in coordination with integrin function. Our ndings indicke = CRT (ab2907), ERp57 (ab10287, Abcam). Antibodies for ow

that ERp57, CRT, ana-integrins, via their mutual pairwise cytometric detection of intracellular antigens: CRT (ab29@DI

interactions, coordinate to regulate surface CRT pres@mat (ab2792) and cytochrome C (6H2.B4, Biolegend). Antibodies

inICD. for immunoprecipitation and immunoblotting: a4-integrin
(HP2/1), CRT (PA3-900, ThermoFisher), ERp57 (ab10287,
Abcam), and GAPDH (FF26A/F9, BioLegend). Antibodies for

MATERIALS AND METHODS integrin activation and phagocytosis assadysintegrin (9EG7)

and CD47 (B6H12, BD Biosciences).
Human T-ALL Cell Lines and Cells
Jurkat cells were obtained from ATCC. The Jurkat-derivative€ell Surface Calreticulin and ERp57 Assays
Taad and TacP® were described previouslyi). Dr. Andrew  Cells were serum-starved in blank RPMI (bRPMI) for 12 h before
Weng (University of British Columbia) provided REX, THP-6, experiments. Cells were resuspended in bRPMI &tcElls/mL
SUP-T1, and DND-41 T-ALL cells. Cells were cultured at@7 and treated with 4ng/mL doxorubicin (Sigma-Aldrich) for 4 h
5%CQ in complete RPMI (cRPMI is RPMI-1640, 10% FBSpor 300mM oxaliplatin (Tocris) for 2h, at 37C. Oxaliplatin is
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the preferred ICD-inducer used in certain assays to mitigatéhree treatment replicates conducted within an experiment. Al
the uorescence of doxorubicin. For adhesion assays, e&lie  data shown are representative of 2—3 independently conducted
seeded on bronectin or bovine serum albumin (BSA) coatedexperimentsP-values were calculated using two-way ANOVA
wells 1h before drug treatments. In some experiments, cellgith Tukey's multiple comparisons test.

were treated with fng/mL integrin antibodies at 15min prior

to and during the drug treatment. Some cells received 1 m

MnCl, during the last 30 min of drug treatment. Antibody-NI'QESULTS

based ow cytometry was used to assess surface CRT or surfaﬂequirement of CRT or ERp57 for

ERp57 levels using 633 nm excitation of secondary conjugatq@D_lnduced Surface Presentation
Geometric Mean Fluorescence Intensity (gMFI) (:alculatims;wapreviously we derived CRT Jurkat cells using CRISPR-

assessed for non-apoptotic gated cells (Annexin V —ve). Cas9 technology and observed that doxorubicin treatment
Cell Permeabilization and pf .CR.T = cells re;ulted in mpreased cell surface ERpS?,
ining f q indicating that CRT is not required for surface translooati
ImmU_nO'Stammg or CRT an. EROD57 of ERp57 20). To assess the requirement for ERp57 in CRT
Following treatments, cells were xed in 3.7% formaldehy#%  ansjocation in the same cell model, we used CRISPR-Cas9 to
for 15min and divided into 2 groups, each treated with 0.1%enerate indel mutations within the rst coding exon BDIA3
Triton X-lOO/PBS for 5r_n|n or with 285g/mL dlgltonln(PBS (Supplementary Figure 1A. Immunoblot analysis con rmed
(Acros) for 5min. Following PBS washes, cells were immunoggg of ERp57 protein expression, and reduced total CRT

stained for CRT and ERp57 before analysis using ow cytometryayressiongupplementary Figure 18 As before 20), WT cells
We optimized digitonin concentrations based on the ability t reated with the ICD-inducing agent, doxorubicin, exhitit

maintain ER integrity that precluded staining for the ER-@,  j,creased cell surface levels of CRT and ERp57 as assayed
PDI (20). by ow cytometry (Figure 1A). Next, we compared surface
T CRT and surface ERp57 for WT, CRT , and ERp57~
Immunpprempltatlon and Immunoblot cells stimulated with either doxorubicinF{gures 1B,§ or
Analysis oxaliplatin (Figures 1D,§ as ICD-inducers. Surface CRT is
Lysates were prepared in PN buer [10mM PIPES, 50 mMgpolished in CRT= and ERp57- cells with treatment,
NaCl, 150 mM sucrose, 50 mM NaF, 40 mM Ra07.10H:0,  indicating that ERp57 is essential for surface translocatibn
1mM CaCp, 1 mM MgCh, 1%Triton X-100, Complete protease CRT (Figures 1B,D). Herein we con rm that surface ERp57 is
inhibitors (Roche)]. Fora4 immunoprecipitation, 1 mg lysate increased in ICD-induced WT and CRT cells, consistent with
was incubated with Ing HP2/1 antibody and precipitated with our previous observation that CRT is not required for surface

protein A/G-Sepharose (Pierce). ERp57 translocation. We also observed that ICD-induced serfac
h . ERp57 levels are signi cantly higher for CRT compared
Phagocytosis Assay to WT cells Figures 1C,B, even though total ERp57 levels

Phagocytosis assays were conducted as described previtysly ¢ .o comparable Supplementary Figure 18 This raised the

22). Brie y, femura and tibiae bone marrow aspirates of 8-weekiniguing possibility that CRT may have a role to reduce tié ¢
old C57BL/6 mice were plated at 5 10P cells/mL for 4h in surface presentation of ERp57.

complete IMDM (cIMDM, 10% FBS, pen/strep). Non-adherent

cells were re-plated in cIMDM with 10 ng/mL murine MCSF ; i
(StemCell) for 10 days. Adherent cells (macrophages) from 1§e|(|js Lagli\l/lng CR; or El\ljpgj E)C(lhlblt
day cultures were 95% Mac-£ and F4/86 . Macrophages were ~€duced Viacropnhage-ivie late

lifted and starved for 1 h in IMDM before co-incubating with Phagocytosis
target cells. Since ERp57 cells show no increased presentation of
Target Jurkat cells were pre-labeled with CellTrackepurface CRT upon drug treatment, we would expect reduced
(Invitrogen) per manufacturers instructions. Cells were- co target cell engulfment by professional phagocytes. To etealua
incubated for 2 h with Tng/mL a-CD47 (B6H12) and/or 3060  this, we performed a phagocytosis assay using murine bone
oxaliplatin. In some experiments, cells were also co-incethat marrow-derived macrophages as e ector cells, and the Jurkat-
with 1mg/mL 9EG7 antibody. Phagocytosis was initiated byderivative WT, CRT= , and ERp57~ as target cells. Target
co-plating 2 10° macrophages with 1 10° washed Jurkat, cells prelabeled with CellTracker were treated with or without
CRT = or ERp57~ cells in low adhesion 24-well plates oxaliplatin, followed by co-incubation with macrophages, and
(ThermoFisher) for 2h in IMDM at 37C. Macrophages were the labeled cell mixture analyzed by ow cytometry to detite
stained with F4/80 antibodies, and total cell mixture anatyz the various populations. To facilitate phagocytosis, the anti-
by ow cytometry. Phagocytosis calculation: % Phagocgtbsi phagocytic CD47 signal on all target cells is also negated by
100 (CellTrackef, F4/8¢ macrophages/total macrophages). treatment with the function blocking antibody, B6H12(( 22).
CellTracker and F4/80 double positive gated events are indeat
Statistical Analysis of phagocytosis Rigure 2A) and the calculated phagocytosis
Statistical analysis was performed using GraphPad Prisror Errindex for all conditions is shown inFigure 2B We found
bars are the standard deviation values obtained from att leathat phagocytosis was signi cantly increased for WT cellhwit
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FIGURE 1 | ERp57 is presented on the surface of lymphoblasts treated wh ICD-inducers and required for the surface presentation o€RT. (A) Representative ow
cytometry plots of Jurkat wildtype (WT) cells treated with rowithout doxorubicin (Doxo) and stained for surface CRT orEp57. (B,C) Flow cytometry gMFI plots of
surface CRT and surface ERp57 for WT, CRT- , and ERp57 = cells treated with or without doxorubicin.(D,E) Similar experiment for cells treated with or without
oxaliplatin (Oxa). Plotted are the mean S.D.;n D 3; p-values: ***<0.001; * <0.05; ns, not signi cant. Data shown are representative of thee independently
conducted experiments.

oxaliplatin treatment, while oxaliplatin treatment of CRT , or  in the cytosolic, extra-organellar compartment following
ERp57 = cells failed to promote phagocytosis. Taken togethetCD-induction using ow-based detection of intracellular
our results show that loss of surface CRT due to loss gfroteins for di erentially permeabilized cell22(). Oxaliplatin-
ERp57 e ectively reduced phagocytosis by macrophages toteeated WT cells that were partially permeabilized with
degree equivalent to cells lacking endogenous CRT. Thaae d®igitonin show detectable increases in CRT, but not of the
con rmed the importance of ERp57 as a facilitator of ICD, actingER-protein  PDI or mitochondrial-protein cytochrome C
to present CRT on the cell surface as an “eat me” immunogen. (Supplementary Figure 2 This increase was not observed for
i . cells fully permeabilized with TX-100, suggesting that Digiit

Accumulation of Cytosolic CRT Is achieved plasma membrane permeabilization but not of the ER
Dependent on ERp57, but Not Vice Versa nor mitochondrial compartments Kigure 3). We found that
To gain insight on the interdependence of ERp57 andxaliplatin treatment promoted the increases of cytosolic CRT
CRT tracking in ICD, we assessed their accumulationin WT cells, but not in ERp57~ cells Figure 3A), suggesting

Frontiers in Oncology | www.frontiersin.org 4 May 2019 | Volume 9 | Article 411


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Liu et al. Integrins and ERp57 Regulate Surface Calreticulin

Jurkat Macrophage Jurkat/Macrophage

Q2 H at Q2 - a1
0052 30013 020 3656

CellTracker —> >

108 0.041 964 801 12

100+ * %k * k%

Phagocytosis Index (%)
N
o

o

Oxa:

WT CRT’- ERp57--

FIGURE 2 | Phagocytosis assay for WT, CRT= , and ERp57 = cells. CellTracker-labeled Jurkat WT, CRT= , or ERp57 = cells were untreated or treated with
oxaliplatin, followed by co-incubation with F4/80-labelecprimary mouse macrophages.(A) Representative ow cytometry plots showing input target (Jukat) and/or
effector macrophages. The dual positive gated events are dicative of phagocytosis.(B) The calculated phagocytosis index depicted as bar graphs fothe indicated
target cells and treatments. Plotted are the mean S.D.;n D 3; p-values: ***<0.001; **<0.01; ns, not signi cant. Data shown are representative of ateast three
independently conducted experiments.

that the extra-ER accumulation of CRT is ERp57-dependent. Isurface 20). Given that CRT and ERp57 can exist as a complex
contrast, oxaliplatin treatment promoted cytosolic increasé in the ER, and that ERp57 is required for CRT translocation
ERp57 in WT and CRT- cells Figure 3B), suggesting thatthe to the cell surface, we assessed if integrin function may also
extra-ER accumulation of ERp57 is CRT-independent. This tesumodulate surface ERp57 levels3(25-27). Cells were plated on
mirrors that observed for surface ERp57 and CHIg(re 1), bronectin (FN) to engage integrins, or on BSA as a control
consistent with an interpretation that ICD-induced transkttion ~ substrate, and treated with or without doxorubicin. Whenteld
of CRT from ER to cytosol and then to the cell surface beingn BSA, surface ERp57 levels were lower in drug-treated WT cells
critically dependent on ERp57 as a co-tra cking protein. comparedto CRT™ cells Figure 4A). This resultis comparable
Its been shown that CRT can interact with the cytosolicto that obtained with cells treated in suspensidiigure 1). WT
GFFKR motif ofa-integrins (L8 23 24). Oxaliplatin treatment cells plated on FN resulted in surface ERp57 levels that was
of WT cells resulted in increased levels of CRT that cofurther reduced when compared to CRT cells on BSA or FN,
immunoprecipitated witha4-integrins Figure 30). In contrast, although the di erence was not signi cant when compared to
CRT was not detected in4-immunoprecipitates of ERp57 WT cells on BSAKigure 4A). Importantly, these results lend
cells, indicating that the4-CRT interaction occurs within the further support for a negative modulatory role for CRT in the
cytosol, but is facilitated by ERp57 promoting the movement osurface translocation of ERp57.
CRT out of the ER. CRT is known to bind the juxtamembrane cytosolic GFFKR
peptide motif of a-integrins (L6, 24). Previously, we showed
. . that cells expressing Tdca chimeric non-integrin receptor
Integrin Cell Adhesion Modulates Surface bearing GFFKR as the cytosolic domain, constitutively binds
CRT and ERp57 CRT and reduces drug-induced surface CK®, (20). We now
Previously, we reported that integrin function led to reddce show that Tad cells exhibit a similar reduction of surface
ICD, a phenomenon manifested by reduced CRT at the ceffRT and ERp57 when compared to the control F&tcells,
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determined by ow cytometry. (B) Schematic of constructs used in relation to
ad-integrin. ECD-extracellular domain; TMD-transmembrandomain. Taal
and Tacd®®" are fusions of ECD and TMD of Tac with the cytoplasmic peptide
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FIGURE 3 | Drug-induced ICD promotes cytosolic accumulation of CRT and
ERp57.(A,B) WT, CRT = , and ERp57 = cells were untreated (Ctrl) or
treated with oxaliplatin (Oxa), xed in suspension and eithepermeabilized with
Digitonin or Triton X-100, and stained for CRT or ERp57, as dficated. Plotted
are ow histograms for an experiment conducted in triplicats, and

cells expressing Tad or Tacd®®" in suspension were treated with or without
doxorubicin and surface CRT or ERp57 determined by ow cytomé&y. Flow
gMFI plots (A,C,D) are the mean S.D.;n D 3; p-values: ***<0.001;
**<0.01; *<0.05; ns, not signi cant. Data shown are representative of thee
independently conducted experiments.

representative of at least two independent experiments. Nmbers are the
computed mean uorescence intensity (MFI)(C) Integrin-a4 was
immunoprecipitated (IP) from lysates of non-treated or oxalatin-treated WT
and ERp57 = cells. As shown are immunoblots of integrira4 and CRT.
Representative of at least two independently conducted exgriments.

agonists which induce integrin activation. We had shownttha
cells pre-incubated with théol-integrin activating antibody,
9EGY7, led to complete inhibition of drug-induced surface CRT
) . ~ (20. We repeated this experiment to assess the e ects on
which bears a scrambled RFGFK motif that does not bing tace ERp57. As expected, surface ERp57 was reduced on WT
CRT (Figures 4B-). Importantly, the results indicate that the ¢gis treated with doxorubicin and 9EG7, when compared to
cytosolic GFFKR motif on _'I'ahs su C|_ent_for down modulating  the control IgG-treated groupFigure 5A). In contrast, surface
surface CRT and ERp57 in a constitutive manner that bypassggns7 levels were not reduced upon 9EG7-treatment of CRT
the requirement for cell adhesion as the inhibitory switch. cells Figure 5A). Our results using intracellular ow cytometry

. . . . (Figures 3A,B indicated that Digitonin-permeabilized cells
Integrin Activation by Agonists Reduces exhibit increases in CRT and ERp57. To gain some insight
Surface CRT and ERp57 on this phenomenon, we subjected WT cells to treatments
The negative modulatory e ect of integrins on drug-induced with and without oxaliplatin and 9EG7, and imaged Digitonin-
surface CRT can be further enhanced by treating cells witpermeabilized cells following immuno uorescence labeliog f
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FIGURE 5 | Jurkat cells treated with integrin-activating agonists ehibit
reduced surface CRT and ERp57(A) WT or CRT = cells were treated with
combinations of doxorubicin and/or 9EG7 mAb and surface ERp3
determined by ow cytometry. (B,C) WT and CRT = cells were treated with
combinations of doxorubicin and MnC} and surface CRT or surface ERp57
determined by ow. Flow gMFI plots are the mean S.D.;n D 3; p-values:
*** < 0.001; **<0.01; ns, not signi cant. Data shown are representative of at
least two independently conducted experiments.

CRT or ERp57 $upplementary Figure 3. We observed similar
increased staining for CRT or ERp57 in oxaliplatin-treatedscell
both with and without co-treatment with 9EG7, consistenthwi
the interpretation that 9EG7-mediated reduction of surf&RT

having no e ect on CRT~ cells Figure 5C. Thus, despite

the fact that CRT is not required for surface translocatidn o
ERp57, the presence of CRT appears to modulate the extent
of this translocation. The negative modulatory e ect on sué
ERp57 resulting from activated integrins appears to be an ictlire
one, where cytosolic CRT-integrin interaction reduces ERp57-
CRT translocation as a complex to the cell surface. In cells
lacking CRT, this passenger e ect is nulli ed, with ERp57 able
to translocate freely and maximally in the presence of ativa
integrins Figures 5A,Q.

Reduced Integrin Expression Increases
Drug-Induced Surface CRT and ERp57

Given that activated integrins have a negative e ect on drug-
induced surface CRT and ERp57 presentation, we reasoned
that cells with reduced integrin expression may exhibit a
corresponding increase in drug-induced ICD. Stable integri
expression requires thab-heterodimer, thus a most e cient way

to reduce overall integrin expression is to abrogatetheubunit

to obtain decreased expression of multipkeintegrins. We
generated &1 ~ clonal strain of Jurkat cells by CRISPR-Cas9
(Supplementary Figure 44, and showed reduced expression
of bl-paired a2, a3, a4, a5, and a6 integrins Figure 6A).
Expression ofaV and b3 integrins were slightly elevated in
bl = cells, suggestive of compensatory expression, while all
others assessed were unchang&dipplementary Figure 4B
Total CRT and ERp57 expression were comparable between
WT and bl = cells Figure 6B). As predicted,bl = cells
treated with doxorubicin exhibit signi cantly higher swate
CRT and ERp57 levels compared to the parental WT cells
or bl = cells re-expressingbl-integrins Eigures 6C,D
Supplementary Figure 4@, consistent with the interpretation
that reduced integrin expression enhances CRT exposure on the
surface of tumor cells treated with ICD-inducers.

To assess if integrin modulation of tumor cells functionally
modulates their ability to be phagocytosed by macrophages,
we rst conrmed that oxaliplatin-treatedbl =~ cells exhibit
higher surface CRT when compared to WT celsglre 6B.

As expected, 9EG7-treatment of WT cells e ectively negated the
increase in phagocytosis induced with oxaliplatiFigure 6F).
This neutralizing e ect was not observed ibl = cells,
consistent with 9EG7 as a speci ¢ antibodyhb-integrin. The
phagocytosis index for oxaliplatin-treated WT abd ~ cells
were comparable, suggesting the increase in surface CRTrseen
bl = cells when compared to WT is not su cient to alter their
ability to be phagocytosed.

Integrin Activation Modulates Surface CRT

or ERp57 occurs independently of their presumptive release fro@nd ERp57 in T-ALL

the ER.
Further to the results seen with the antibody-based integri
agonist, we assessed if ffamediated activation of integrins

To determine if the decrease of surface ERp57 and CRT
by integrins is not limited to our observation in Jurkat T-
lymphoblasts, we repeated key assays using the T-ALL cell lines

would also reduce surface CRT and ERp57 presentation. SimilBND-41, THP-6, REX, and SUP-T1, as well as 2 primary human
to 9EG7, MA¢ reduced surface CRT levels in WT cells treatedl-ALLs that had been expanded as xenografts (PDX). Cells were

with doxorubicin (Figure 5B). To a lesser degree, M also

treated with combinations of oxaliplatin and/or 9EG7 andfse

reduced surface ERp57 in doxorubicin-treated WT cells, whil€RT or ERp57 assessdeldures 7A,B. In agreement with the
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FIGURE 6 | Reduced integrin expression increases surface CRT and ER@5(A) Flow histograms for the indicated integrin expression in Wand b1 = cells.

(B) Immunoblot assay for expression of integrill, CRT, ERp57, and GAPDH in lysates of WBH1 = ,andbl = cells re-expressingbl. (C,D) The indicated cells
were treated with or without doxorubicin and surface CRT or Rp57 determined by ow cytometry. (E)WT, bl = ,and CRT = cells were treated with or without
oxaliplatin and surface CRT determined by ow cytometry(F) Phagocytosis assay for WTh1l = , and CRT = cells treated with oxaliplatin or 9EG7 as indicated.
Plots are the mean S.D.;n D 3; p-values: ***<0.001; * <0.05; ns, not signi cant.

Jurkat cell observations, oxaliplatin-induced surface CR@ a obvious correlation for these observations as a functiototl
ERp57 was signi cantly reduced for all 4 T-ALL cell lines whenCRT and ERp57 expressioRigure 70).

cells also received 9EG7 integrin antibodies. IntereBtj@gEG7-

mediated suppression of surface ERp57 was more pronounced

in diagnostic leukemia of patient T048 (PDX T048-D) comparedD|SCUSSION

to its relapsed counterpart (PDX T048-R), even though both

samples exhibited comparable suppression of surface CRT. Tris study sought to understand the overlapping contribution
general, 9EG7-mediated reduction in surface CRT was greatfor two CRT interacting proteins, ERp57 originating from the
than that observed for surface ERp57. We assessed, but foundBR and integrins within the plasma membrane, in surface CRT
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FIGURE 7 | Treatment of various T-ALL lymphoblasts with 9EG7 and oxaliatin reduces surface exposure of CRT and ERp57. Flow gMFliqts for surface CRT

(A) and surface ERp57(B) for T-lymphoblasts treated with combinations of oxaliplah and/or 9EG?7 integrin antibodies. DND-41, THP-6, REX, and$P-T1 are T-ALL
cell lines. T048-D and T048-R are PDX T-ALL samples from a gjfe patient taken at diagnostic and relapsed disease. Plotare the mean S.D.;n D 3; p-values:
***<(0.001; **<0.01; *<0.05. Data shown are representative of at least two indepenehtly conducted experiments.(C) Immunoblot assay for expression of CRT,

ERp57, and GAPDH in lysates of the indicated cells.

presentation as a DAMP for cells treated with ICD-inducersdrug-inducible in CRT = cells. Thus, the extra-ER localization
Our results highlight the indispensable role of ERp57 for CRTof CRT appears dependent on ER-resident ERp57. Previous
tra cking from the stressed ER to eventual surface preseotgt reports using CRT~ mouse embryonic broblasts had
while integrins possess regulatory roles in suppressing thadicated that CRT and ERp57 were co-dependently translocated
extent of surface CRT presentation. Within the context ofas a complex to the cell surfacé, G). While this apparent
surface CRT levels presented during ICD, we propose thaliscrepancy may prove to be cell type dependent, it is clear that
integrin function is anti-immunogenic, while ERp57 serves asurface tra cking of CRT is ERp57-dependent. In the absence of
pro-immunogenic function. CRT, surface translocation of ERp57 may involve another ERp57
Cell surface ERp57, in the absence of CRT, is not known toomplex protein, calnexin, since cell surface calnexin is arfeat
be immunogenic. However, endogenous expression of ERpSeéen in immature thymocyte&9).
remains essential for tra cking of endogenous CRT to the Besides its surface presentation during ICD, reports have
cell surface. We used CRISPR to knockout expression of CRmplicated multifaceted roles for extra-ER localized ERp57
or ERp57 in Jurkat lymphoblasts, and conrmed that drug-that include: on the sperm head for mediating sperm-
induced surface CRT required endogenous ERp57, while ERpBdg fusion 29, as a receptor for vitamin D3 3(), in
is ably presented at the surface in the absence of endogenquetein complexes with NE&B (31), all trans retinoic receptor
CRT. Further analysis with dierentially permeabilized sell (32, or STAT3 (33 34), and as secreted forms with ECM
indicated that cytosolic CRT was absent and not drug-indleci  remodeling potential §5 36). Importantly, the functional
in ERp57~ cells, while cytosolic ERp57 was present andontribution of ERp57 within these diverse locales may
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stem from either the disul de isomerase activity and/oras a form of regulated cell death sucient to activate an
its role for co-tracking lectin co-chaperones. Proposed adaptive immune response in immuno-competent hostg).(
explanations for extra-ER detection of chaperones such &he current accepted gold standard for demonstration of an ICD
CRT and ERp57 have included proteolysis of the ER-retentiophenomenon is to model itn vivo using immuno-competent
sequence, formation of protein complexes or conformatiomrmice, with syngeneic tumor cells4). Thus, a complete
changes that mask its recognition, and saturation of thalemonstration of functional integrin-mediated suppressioh
ER-retention machinery 37~40). These hypotheses centerICD in vivo will require a syngeneic murine model for ALL
around avoidance of detection by KDEL receptors locatethat is similarly manipulable with integrin agonists (e 9EG7
within the Golgi apparatus for protein retrieva#t{). Through activating antibodies) or genetically modi ed to expressgar
di erential permeabilization experiments, we characterizedoss-of-function integrins.
increased cytosolic CRT and ERp57 that originated from the ER Leukemia-stroma interactions involving integrins are
for cells treated with ICD-inducers, while non-treated ERp57  known to confer pro-survival benets to the tumor cells
cells appear to be devoid of cytosolic CRT. Furthermorethat include enhanced drug resistance, anti-apoptotic, and
cytosolic ERp57 can be detected in non-treated CRT proliferative signaling. To that end, increased expression of
cells, suggesting K/QDEL containing chaperones may exhibgarticular integrins has been evaluated as negative prognosti
di erential retention potential mediated by the KDEL receptor markers for treatment response and outcome$)( Our
Given that CRT will remain ER-localized in the absence ofvork adds to the plethora of integrins' pro-tumor functions
ERp57, it is compelling to regard CRT-ERp57 as a su cientthat now include suppression of a surface immunogen
and necessary “immunogenic complex” able to translocathd¢o t important in innate anti-tumor immunity. Importantly, the
cell surface. conservation of the GFFKR-CRT interaction implies that all
In this study, we adopted several strategies to demonstratetegrin-substrate interactions have the potential to sugpgre
the potential of a-integrins to inhibit the presentation of the anti-tumor e ects of ICD. In addition, high levels of
cell surface CRT. We show that engagement of integrins vi@tal integrin expression in any given tumor may also be
adhesion, or enforced activation of integrins with an aotlly or  predictive of reduced ICD response. Biologic therapeutics
divalent cation agonists, either attenuated or severely gg@d designed to target integrin-substrate interactions shHoul
ICD-induced surface CRT levels. Expression of a non-integribe appropriately evaluated for oncology applications, since
chimeric receptor witha-integrin GFFKR as the cytosolic agents that block the tumor-stroma interaction by mimicking
motif also led to low surface CRT levels. Given the highlfthe substrate may inevitably activate integrins and reduce
conserved nature of GFFKR within the cytoplasmic domain othe ICD-response.
all known a-integrins, it is tempting to speculate that functional
activation of any or all integrins could result in decreasedE-l-H|CS STATEMENT
surface CRT presentation and corresponding reduction in
ICD. The transmembrane and cytoplasmic conformations Oﬁ'his study was caried out in accordance with the

inactive and activated integrins have been studied in detajo.ommendations of BC Women's and Children's Hospital
(15 42, 49), facilitating a proposed mechanism whereby bothi,gjir tional review board (REB) with written informed core

the spe}u%I separgtlcin of the- and b- subunits, combined ¢, 4 subjects. All subjects gave written informed corsen
with tail “snorkeling” movements into the cytosolic space,, accordance with the Declaration of Helsinki. The protocol

allow for greater GFFKR exposure for activatedntegrins |, -« approved by the BC Women's and Children's Hospital
to bind cytosolic CRT. This may sequester CRT within thepqtitutional review board (REB).

cytosol, reducing their levels presented on the cell surface
during ICD.

We noted that surface ERp57 and CRT levels werAUTHOR CONTRIBUTIONS
correspondingly reduced for cells treated with integrinieating

agonists. The reduced surface ERp57 observed is likely GCL and CL designed research, analyzed data and wrote the
passenger e ect resulting from integrin binding to CRT of Paper. C-CL performed research. PL construckHd™ cells.

the CRT-ERp57 complex. This is consistent with the increasea. Performed ow cytometry ofol = cells. HV performed
surface ERp57 seen in drug-treated CRT cells, where the 9&nomic sequencing for ERpS7 cells. MM and LS provided
interaction component for integrins is not expressed. Evednurine-derived macrophages. GR provided murine-expanded
though our study highlighted integrin's suppressive role forPatientleukemia samples.

surface CRT presentation, it is within reason to speculaté tha

integrin-mediated suppression of surface ERp57 may also redupaCKNOWLEDGMENTS

ERp57-speci ¢ functions at the cell surface.
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SUPPLEMENTARY MATERIAL

are ow histograms for an experiment conducted in duplicates Numbers are the
computed mean uorescence intensity (MFI).

The Supplementary Material for this article can be foundsupplemental Figure 3| Immuno uorescence imaging of CRT and ERp57 in

online at: https://www.frontiersin.org/articles/10.38&nc.
2019.00411/full#supplementary-material

Supplemental Figure 1| CRISPR-Cas9 generation of ERp57~ Jurkat cells.

(A) Sequencing of thePDIA3genomic loci showing single nucleotide insertion (red
arrow) occurring at 77 bp from the predicted start codon and 5bp from the PAM
recognition motif (green bar). The frame shift mutated vamt encodes for a
predicted 65 amino acid protein product due to a premature temination codon.
Wildtype ERp57 is 505 amino acids long(B) Immunoblot analysis of Jurkat WT,
ERp57 = ,and CRT = cell lysates for expression of ERp57, CRT, and GAPDH.

Supplemental Figure 2| Drug-induced ICD promotes cytosolic accumulation of
CRT, but not of PDI or cytochrome C. WT cells were untreated (@) or treated
with oxaliplatin (Oxa), xed in suspension and either permdalized with Digitonin
or Triton X-100, and stained for CRT, PDI, or cytochrome C, aqdicated. Plotted
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