
eScholarship@UMassChan
Targeting the GPI transamidase subunit GPAA1

abrogates the CD24 immune checkpoint in ovarian cancer

Item Type Journal Article

Authors Mishra, Alok K;Ye, Tianyi;Banday, Shahid;Thakare, Ritesh P;Su,
Chinh Tran-To;Pham, Ngoc N H;Ali, Amjad;Kulshreshtha,
Ankur;Chowdhury, Shreya Roy;Simone, Tessa M;Hu, Kai;Zhu,
Lihua Julie;Eisenhaber, Birgit;Deibler, Sara K;Simin,
Karl;Thompson, Paul R;Kelliher, Michelle A;Eisenhaber,
Frank;Malonia, Sunil K;Green, Michael R

Citation Mishra AK, Ye T, Banday S, Thakare RP, Su CT, Pham NNH, Ali
A, Kulshreshtha A, Chowdhury SR, Simone TM, Hu K, Zhu LJ,
Eisenhaber B, Deibler SK, Simin K, Thompson PR, Kelliher
MA, Eisenhaber F, Malonia SK, Green MR. Targeting the GPI
transamidase subunit GPAA1 abrogates the CD24 immune
checkpoint in ovarian cancer. Cell Rep. 2024 Apr 23;43(4):114041.
doi: 10.1016/j.celrep.2024.114041. Epub 2024 Apr 3. PMID:
38573857.

DOI 10.1016/j.celrep.2024.114041

Journal Cell reports

Rights Copyright 2024 The Authors. Published by Elsevier Inc. This is
an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).;Attribution-
NonCommercial-NoDerivatives 4.0 International

Download date 2024-12-26 08:38:53

Item License http://creativecommons.org/licenses/by-nc-nd/4.0/

Link to Item https://hdl.handle.net/20.500.14038/53367

http://dx.doi.org/10.1016/j.celrep.2024.114041
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hdl.handle.net/20.500.14038/53367


Article
Targeting the GPI transam
idase subunit GPAA1
abrogates the CD24 immune checkpoint in ovarian
cancer
Graphical abstract
Highlights
d GPAA1 promotes cell surface expression of the anti-

phagocytic signal CD24

d GPAA1 knockout enhances macrophage-mediated

phagocytosis of ovarian cancer cells

d GPAA1 knockout suppresses growth of ovarian tumors in

mice xenografts

d Bestatin, an aminopeptidase inhibitor, inhibits GPAA1 and

suppresses tumor growth
Mishra et al., 2024, Cell Reports 43, 114041
April 23, 2024 ª 2024 The Authors. Published by Elsevier Inc.
https://doi.org/10.1016/j.celrep.2024.114041
Authors

Alok K. Mishra, Tianyi Ye,

Shahid Banday, ..., Frank Eisenhaber,

Sunil K. Malonia, Michael R. Green

Correspondence
alok.mishra@umassmed.edu (A.K.M.),
frank@eisenhaber.org (F.E.),
sunil.malonia@umassmed.edu (S.K.M.)

In brief

Mishra et al. identify the GPI

transamidase complex subunit GPAA1 as

a factor required for cell surface

expression of CD24 and show that

genetic or pharmacological inhibition of

GPAA1 enhances macrophage-mediated

phagocytosis and suppresses ovarian

tumor growth in mice. Their results

highlight a potential immunotherapeutic

approach for CD24+ ovarian cancers.
ll

mailto:alok.mishra@umassmed.edu
mailto:frank@eisenhaber.org
mailto:sunil.malonia@umassmed.edu
https://doi.org/10.1016/j.celrep.2024.114041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.114041&domain=pdf


OPEN ACCESS

ll
Article

Targeting the GPI transamidase subunit
GPAA1 abrogates the CD24 immune
checkpoint in ovarian cancer
Alok K. Mishra,1,* Tianyi Ye,1 Shahid Banday,1 Ritesh P. Thakare,1 Chinh Tran-To Su,2 Ngoc N.H. Pham,3 Amjad Ali,1

Ankur Kulshreshtha,1 Shreya Roy Chowdhury,1 Tessa M. Simone,1 Kai Hu,1 Lihua Julie Zhu,1,4 Birgit Eisenhaber,2,5

Sara K. Deibler,1 Karl Simin,1 Paul R. Thompson,6 Michelle A. Kelliher,1 Frank Eisenhaber,2,5,7,* Sunil K. Malonia,1,8,*
and Michael R. Green1
1Department of Molecular, Cell and Cancer Biology, University of Massachusetts Chan Medical School, Worcester, MA 01605, USA
2Bioinformatics Institute (BII), Agency for Science, Technology, and Research (A*STAR), 30 Biopolis Street, Matrix, #07-01, Singapore

138671, Singapore
3Faculty of Biology and Biotechnology, University of Science, VietnamNational University, 227 Nguyen Van Cu Street, District 5, Ho Chi Minh

City, Vietnam
4Program in Molecular Medicine and Department of Genomics and Computational Biology, University of Massachusetts Chan Medical

School, Worcester, MA 01605, USA
5Lausitz Advanced Scientific Applications (LASA) gGmbH, Straße der Einheit 2–24, 02943 Weißwasser, Germany
6Department of Biochemistry and Molecular Biotechnology, University of Massachusetts Chan Medical School, Worcester, MA 01605, USA
7School of Biological Sciences, Nanyang Technological University (NTU), 60 Nanyang Drive, Singapore 637551, Singapore
8Lead contact

*Correspondence: alok.mishra@umassmed.edu (A.K.M.), frank@eisenhaber.org (F.E.), sunil.malonia@umassmed.edu (S.K.M.)
https://doi.org/10.1016/j.celrep.2024.114041
SUMMARY
CD24 is frequently overexpressed in ovarian cancer and promotes immune evasion by interacting with its re-
ceptor Siglec10, present on tumor-associated macrophages, providing a ‘‘don’t eat me’’ signal that prevents
targeting and phagocytosis by macrophages. Factors promoting CD24 expression could represent novel
immunotherapeutic targets for ovarian cancer. Here, using a genome-wide CRISPR knockout screen, we
identify GPAA1 (glycosylphosphatidylinositol anchor attachment 1), a factor that catalyzes the attachment
of a glycosylphosphatidylinositol (GPI) lipid anchor to substrate proteins, as a positive regulator of CD24
cell surface expression. Genetic ablation of GPAA1 abolishes CD24 cell surface expression, enhances
macrophage-mediated phagocytosis, and inhibits ovarian tumor growth in mice. GPAA1 shares structural
similarities with aminopeptidases. Consequently, we show that bestatin, a clinically advanced aminopepti-
dase inhibitor, binds to GPAA1 and blocks GPI attachment, resulting in reduced CD24 cell surface expres-
sion, increased macrophage-mediated phagocytosis, and suppressed growth of ovarian tumors. Our study
highlights the potential of targeting GPAA1 as an immunotherapeutic approach for CD24+ ovarian cancers.
INTRODUCTION

Ovarian cancer is the secondmost common gynecologic cancer

and the leading cause of gynecologicmalignancy-related deaths

in the United States.1 The standard treatment for newly diag-

nosed ovarian cancer includes cytoreductive (debulking) surgery

followed by chemotherapy.2 However, recurrence affects 25%

of early-stage patients and 70%–80% of advanced-stage pa-

tients,3,4 highlighting the urgent need to explore alternative ther-

apeutic strategies.

Immuno-oncology strategies have demonstrated remarkable

success in stimulating immune responses against diverse tumor

types and have significantly improved patient outcomes. For

example, conventional immune checkpoint inhibitors targeting

the PDL1/PD1 pathway have shown efficacious responses in

several solid cancers, such as malignant melanoma, non-
Cell Reports 43, 114041,
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small-cell lung cancer, and urothelial cancer.5 However, in

ovarian cancers, PDL1/PD1 inhibitors have shown limited

efficacy.6–8

Recent studies have identified the CD24-Siglec10 immune

checkpoint as a promising therapeutic target in ovarian cancer.9

CD24 is a highly glycosylated cell adhesion protein that is linked

to the plasma membrane by a glycosylphosphatidylinositol (GPI)

anchor.9 CD24 is primarily expressed by immune cells but is

often highly expressed in many cancers, most notably ovarian

cancer.10,11 CD24 facilitates immune evasion by interacting

with Siglec10, a transmembrane protein present on the surface

of tumor-associated macrophages (TAMs) and providing an

anti-phagocytosis (‘‘don’t eat me’’) signal that hinders TAMs

from targeting and engulfing tumor cells.10 Previous studies

have shown that CRISPR-mediated knockout of CD24 or its

blockade with an anti-CD24 monoclonal antibody enhances
April 23, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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TAM-mediated phagocytosis of ovarian cancer cells and inhibits

tumor growth in mouse models.10,12

In this study, we aimed to identify factors and pathways that

could be pharmacologically inhibited to reduceCD24 expression

and its function; such factors could represent novel immunother-

apeutic targets for ovarian cancer. As a first step, we performed

a genome-wide CRISPR-Cas9 screen to identify factors that

promote CD24 cell surface expression. Using this approach,

we identified GPAA1 (GPI anchor attachment 1), a critical

component of a multisubunit complex that facilitates attachment

of a GPI anchor to substrate proteins, thereby directing them to

the cell-surfacemembrane.13 Interestingly, GPAA1 shares struc-

tural similarities with a specific class of aminopeptidases,14 and

we found that an aminopeptidase inhibitor, bestatin, binds to

GPAA1, inhibiting its function. Genetic or pharmacological inhi-

bition of GPAA1 in ovarian cancer cells decreased CD24 cell sur-

face expression, increased phagocytosis by TAMs, and reduced

ovarian tumor growth in mice xenografts. Our findings open a

new avenue for developing small-molecule immunotherapeutics

for CD24+ ovarian cancers.

RESULTS

A genome-scale CRISPR-Cas9 knockout screen
identifies factors that promote CD24 cell-surface
expression in ovarian cancer
To identify factors and pathways regulating CD24 cell-surface

expression in ovarian cancer, we performed a genome-wide

CRISPR-Cas9 screen. To select an appropriate cell line for the

screen, we performed CD24 flow cytometry analysis in a panel

of human ovarian cancer cell lines. Our analysis revealed robust

CD24 cell surface expression among seven of eight ovarian can-

cer cell lines tested (A1847, IGROV1, NCI/ADR-RES, OVCAR3,

OVCAR4, OVCAR8, and SKOV3), all of which exhibited greater

than �85% CD24+ cells (Figure S1A). The exception was the

A2780 cell line, which was CD24�. We selected the OVCAR8

cell line for the screen because it had the highest percentage

of CD24+ cells and is a well-characterized, high-grade serous

ovarian cancer (HGSOC) cell line.15 To ensure the suitability of

OVCAR8 cells for the CRISPR-Cas9 knockout screen, we

confirmed that the proliferation of OVCAR8 cells was unaffected

by the loss of CD24 (Figures S1B and S1C).

For the screen, we established an OVCAR8 cell line that stably

expressed active Cas9 (Figures S1D and S1E). These cells were

transduced with the human Brunello CRISPR knockout pooled

library, which consists of �76,000 single guide RNAs (sgRNAs)

targeting �19,000 genes (4 sgRNAs per gene).16 After 15 days

of puromycin selection, cells were stained with an anti-CD24

antibody, and those with substantially reduced cell-surface

expression of CD24 (CD24low cells) were isolated by fluores-

cence-activated cell sorting (FACS). We identified sgRNAs that

were significantly enriched in the CD24low population relative

to the unsorted population by bioinformatic analysis of deep

sequencing data (Figure 1A).

Our screen yielded candidate genes representing a broad

range of functional categories, including intracellular signaling,

transcriptional regulation, mRNA stability, post-translational

modification, and membrane trafficking (Figure 1B). As antici-
2 Cell Reports 43, 114041, April 23, 2024
pated, all four sgRNAs targeting CD24 exhibited statistically sig-

nificant enrichment (Figure 1B). Notably, the most highly en-

riched candidate in the screen was GPAA1 (Figures 1B and

1C), a component of the multisubunit GPI transamidase (GPIT)

complex that mediates attachment of a GPI anchor to substrate

proteins, which serves as a mechanism for directing GPI-associ-

ated proteins (GPI-APs) to the cell membrane.17 Proteins that are

destined to become GPI anchored harbor an N-terminal endo-

plasmic reticulum (ER) localization sequence and a C-terminal

GPI attachment signal peptide and are translocated to the ER,

where the attachment of a pre-synthesized GPI lipid anchor oc-

curs.13,18 Once theGPI anchor is attached, the protein is shuttled

to the Golgi apparatus, where it undergoes fatty acid remodeling

before being transported to the outer leaflet of the cell mem-

brane. The attachment of GPI to substrate proteins is crucial

for their proper localization and function.17 In addition to

GPAA1, the primary screen identified other components of the

GPIT complex, including PIGK, PIGT, and PIGU (phosphatidyli-

nositol glycan anchor biosynthesis class K, T, and U, respec-

tively),19 as well as other proteins involved in GPI anchor biosyn-

thesis, including PIGM, PIGN, PIGO, and PIGP13,20 (Figure 1B).

Gene Ontology enrichment analysis of the significant hits under-

scored GPI anchor biosynthesis and metabolism as the most

significant biological processes (Figure 1D).

We selected GPAA1 and nine additional genes representing

various functional categories for validation. We knocked down

each gene using two independent short hairpin RNAs (shRNAs)

and monitored CD24 cell-surface expression by flow cytometry.

As shown in Figure 1E, stable knockdown of each of the 10

candidates significantly reduced CD24 cell-surface expres-

sion compared with a control non-silencing (NS) shRNA

(Figures S1F and S1G). To determine whether knockdown of

these candidates reduced CD24 expression at the transcrip-

tional or post-transcriptional level, we assessed CD24 mRNA

levels by RT-qPCR. Knockdown of three of the 10 candidates

(MAP3K5, SSB, and ZNF248) significantly reduced CD24

mRNA levels, suggesting that they promote CD24 expression

at the transcriptional level (Figures 1F and S1H). Conversely,

knockdown of the other seven candidates (GPAA1, PIGP,

PIGT, DHRSX, C1GALT1, RAB8A, and SORL1) did not alter

CD24 mRNA levels, suggesting their potential roles in either

post-transcriptional or post-translational regulation of CD24.

GPAA1 promotes CD24-mediated inhibition of cellular
phagocytosis
We focused our further investigation on GPAA1 for several rea-

sons. First, as mentioned above, GPAA1 emerged as the top-

scoring factor from the primary screen (Figures 1B and 1C). Sec-

ond, previous studies have shown that GPAA1 is overexpressed

in several types of cancers, including ovarian cancer.21–24 Third,

an examination of the cBio Cancer Genomics Portal25 revealed

that GPAA1 is amplified in approximately 30% of ovarian can-

cers (Figure S2A). In addition, analysis of publicly available sin-

gle-cell RNA sequencing (scRNA-seq) data from ovarian tumors

indicated high expression ofGPAA1 in the ovarian epithelial can-

cer cell cluster compared with other cell types in the tumor

microenvironment (Figure 2A). Interestingly, GPAA1 was found

to be co-expressed with CD24 in the ovarian cancer cell cluster



Figure 1. A genome-scale CRISPR-Cas9 screen identifies factors that promote cell-surface expression of CD24 in ovarian cancer

(A) Schematic of the pooled CRISPR-Cas9 screen, created with BioRender.

(B) False discovery rate (FDR) plot showing the distribution of sgRNAs targeting selected genes enriched (blue lines) or depleted (red lines) in the CD24low

population.

(C) Volcano plot displaying significantly enriched (blue dots) or depleted (red dots) candidate genes identified from the screen. The top candidates, GPAA1 and

CD24, are shown.

(D) Gene Ontology (GO) analysis showing the most significant biological processes related to the enriched sgRNAs in the CD24low population.

(E) Left: representative flow cytometry histograms of CD24 cell-surface expression in OVCAR8 cells expressing an shRNA targeting each candidate factor or as a

control a non-silencing (NS) shRNA. Right: quantification of mean fluorescence intensity (MFI). The results were normalized to that obtained in parental OVCAR8

cells. Data are represented as mean ± SD (n = 3 independent experiments).

(F) RT-qPCR analysis monitoring CD24 expression in OVCAR8 cells expressing an NS shRNA or shRNA targeting each candidate factor. The results were

normalized to that obtained with an NS shRNA. Data are represented as mean ± SD (n = 3 independent experiments).

The p values were calculated using one-way ANOVA followed by Dunnett’s multiple-comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-significant.

See also Figure S1.
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Figure 2. GPAA1 inhibition promotes ovarian cancer cell phagocytosis

(A) t-distributed stochastic neighbor embedding (t-SNE) and violin plots generated from a scRNA-seq dataset (GEO: GSE165897) showing expression ofGPAA1

and CD24 in different cell types in HGSOC patient samples.

(B) t-SNE plot of scRNA-seq data showing co-expression of GPAA1 and CD24 in HGSOC patient samples.

(C–E) Top: representative flow cytometry histograms of CD24 cell-surface expression in parental cells and two independently derived single-cell GPAA1 KO

clones (KO1 and KO2) in OVCAR8 (C), OVCAR3 (D), and SKOV3 (E) cells and in a CD24 KOOVCAR8 clone. Bottom: quantification of MFI. Data are represented as

mean ± SD (n = 3 independent experiments).

(legend continued on next page)
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(Figure 2B). Furthermore, Kaplan-Meier survival analysis of

publicly available gene expression datasets of patients with

HGSOC26 indicated that high expression of GPAA1 correlates

with a reduced probability of overall survival (Figure S2B). Finally,

as elaborated below, GPAA1 possesses a domain with a primary

sequence and predicted structure similar to metallo-aminopep-

tidases,14,27 suggesting that it could potentially be inhibited by

small-molecule aminopeptidase inhibitors, several of which are

in advanced stages of clinical development.28 Collectively, these

observations strongly suggest that GPAA1 represents a target-

able component of the GPI synthesis pathway and that its inhibi-

tion could represent an immunotherapeutic approach for ovarian

cancer.

To delve deeper into the role of GPAA1 in regulating CD24

localization, we employed CRISPR-Cas9-mediated genome ed-

iting to generate two independent GPAA1 knockout clones

(GPAA1 KO1 and KO2) in OVCAR8, OVCAR3, and SKOV3 cell

lines (Figures S2C–S2E). As a control, we also generated a

CD24 KO OVCAR8 cell line (Figure S2C). Notably, GPAA1 KO

in ovarian cancer cells did not affect cell viability or proliferation

(Figures S2F and S2G). As anticipated, GPAA1 KO in ovarian

cancer cells completely abrogated CD24 cell-surface expres-

sion (Figures 2C–2E), without affecting CD24 mRNA levels (Fig-

ure S2H). GPAA1 KO also abrogated cell-surface expression of

other GPI-APs tested (Figure S2I) but not non-GPI-linked pro-

teins (Figure S2J). The loss of CD24 cell-surface expression in

GPAA1 KO OVCAR8 cells was also confirmed by immunocyto-

chemistry, which revealed an accompanying accumulation of

CD24 in the ER (Figure 2F). However, protein accumulation in

the ER due to GPAA1 KO did not perturb the viability or prolifer-

ation of cancer cells (Figures S2F and S2G).

As mentioned previously, CD24 protects cancer cells from

phagocytosis by Siglec10-expressing TAMs.10,29,30 We hypoth-

esized that the loss of CD24 cell surface expression observed in

GPAA1 KO ovarian cancer cells would abrogate binding by

Siglec10 and enhance macrophage-mediated phagocytosis.

We next conducted in vitro phagocytosis assays following es-

tablished protocols.10,31,32 Parental, GPAA1 KO, or CD24 KO

OVCAR8 cells stably expressing green fluorescent protein

(GFP) were labeled with a pH-sensitive fluorescent dye (pHrodo)

and co-cultured with macrophages that were derived from hu-

man peripheral blood mononuclear cells stimulated with the

M2-polarizing cytokines interleukin-4 (IL-4) and IL-13 to induce

Siglec10 expression10 (Figure S2K). The total number of phago-

cytic events (pHrodo+ cells) per well was quantified by imaging

cytometry. The analysis revealed that GPAA1 KO significantly

enhanced phagocytosis of OVCAR8 cells (Figure 2G). Similar re-
(F) Representative confocal microscopy images of parental OVCAR8 or GPAA1 K

shown. Scale bar, 10 mm.

(G) In vitro phagocytosis assay. Left: representative microscopy images of pHro

50 mm. Right: plot showing phagocytic events (pHrodo Red+ GFP+ cells), which w

as mean ± SD (n = 3 independent experiments).

(H) Plot showing normalized phagocytic events (pHrodo Red+ GFP+ cells) in paren

SD (n = 3 independent experiments).

(I) Left: representative flow cytometry plots depicting the macrophage-mediate

quantification of phagocytic events showing double-positive macrophages (GF

experiments).

The p values were calculated using one-way ANOVA followed by Dunnett’s multi
sults were observed with GPAA1 KO OVCAR3 and SKOV3 cells

(Figure 2H). We confirmed these results using an alternative

phagocytosis assay, in which phagocytic events were deter-

mined by flow cytometry to identify cells that were double-pos-

itive for GFP and the macrophage marker CD11b, indicative of

macrophage-engulfed cancer cells (Figures 2I and S2L). To

determine whether increased phagocytosis of GPAA1 KO cells

is CD24 dependent, we expressed a GPAA1 sgRNA in A2780

cells (Figure S2M), in which CD24 expression is absent. Notably,

GPAA1 KO A2780 cells were viable and did not show any prolif-

eration defect (Figure S2N). In contrast to our results in other

CD24+ ovarian cancer cells, GPAA1 deficiency in A2780 cells

did not enhance macrophage-mediated phagocytosis (Fig-

ure S2O), suggesting that phagocytosis occurs through a

CD24-dependent mechanism. Collectively, these results indi-

cate that genetic depletion of GPAA1 not only abrogates CD24

cell-surface expression but also enhances macrophage-medi-

ated phagocytosis of ovarian cancer cells.

GPAA1KO suppresses the growth of ovarian tumors and
increases survival in mice
Previous studies have shown that genetic depletion of CD24 or

disruption of the CD24-Siglec10 axis enhances in vivo phagocy-

tosis and suppresses tumor growth in mice.10,30,33 Based on our

results with the in vitro phagocytosis assays, we hypothesized

that GPAA1 KO ovarian cancer cells would be susceptible to

TAM-mediated phagocytosis in vivo, which could potentially

inhibit tumor growth. To test this idea, we intraperitoneally im-

planted parental, GPAA1 KO, or CD24 KO OVCAR8 cells ex-

pressing GFP and luciferase into female non-obese diabetic

(NOD) severe combined immunodeficiency (SCID) gamma

(NSG) mice andmonitored in vivo phagocytosis,10 tumor growth,

and survival (Figure 3A). To assess in vivo phagocytosis, 3 weeks

post implantation, peritoneal fluid was harvested and analyzed

by flow cytometry to identify cells that were double-positive for

GFP and the murine macrophage marker F4/80 (Figure S3A),

indicative of macrophage-engulfed OVCAR8 cells. Our results

revealed that GPAA1 KO OVCAR8 tumors exhibited increased

levels of in vivo phagocytosis by infiltrating TAMs, comparable

with those observed in mice implanted with CD24 KO cells (Fig-

ure 3B). Consistent with previous findings showing a pro-inflam-

matory polarization of macrophages following loss of CD24,10

we observed a higher occurrence of pro-inflammatory M1-like

macrophages (CD80+) and reduced frequency of M2-likemacro-

phages (CD206+) in the peritoneal fluid of mice implanted with

GPAA1 KO OVCAR8 cells compared with those implanted with

parental OVCAR8 cells (Figures S3B and S3C).
O1 cells stained with an anti-CD24 antibody or ER tracker. Merged images are

do Red+ GFP+ parental, GPAA1 KO, and CD24 KO OVCAR8 cells. Scale bar,

ere normalized to that obtained in parental OVCAR8 cells. Data are represented

tal and GPAA1 KO SKOV3 and OVCAR3 cells. Data are represented as mean ±

d phagocytosis of parental, GPAA1 KO, and CD24 KO OVCAR8 cells. Right:

P+ and CD11b+). Data are represented as mean ± SD (n = 3 independent

ple-comparisons test. *p < 0.05, **p < 0.01, ****p < 0.0001. See also Figure S2.
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Tumor growth was monitored weekly by in vivo biolumines-

cence imaging after 1week of implantation.Weobserved a signif-

icant decrease in the growth of tumors derived from GPAA1 KO

OVCAR8 cells compared with those derived from parental

OVCAR8 cells (Figure 3C). This reduction in tumor growth was

comparable with that observed upon implantation with CD24

KO cells (Figure 3C). Additionally, mice harboring tumors derived

from GPAA1 KO cells had significantly increased survival relative

to mice bearing tumors derived from parental OVCAR8 cells (Fig-

ure 3D). Consistent with a previous study showing that the reduc-

tion in the growth of CD24-deficient tumors was TAM depen-

dent,10 we also observed that the ability of GPAA1 KO cells to

form tumors was abrogated by TAM depletion (Figures S3D and

S3E), confirming that the decreased tumor growth of GPAA1 KO

cells was TAM dependent.

To further extend our results in an immunocompetent setting,

we utilized a genetically defined syngeneic ovarian cancer mouse

model. In this model, murine fallopian tube epithelial cells bearing

genetic alterations typical of HGSOCare implanted into syngeneic

immunocompetent mice.34 Specifically, we used the cell line

BPPNM (Brca1�/�Trp53�/�R172HPten�/�Nf1�/�MycOE)34 and

generated a Gpaa1 KO derivative using CRISPR-mediated

genome editing (Figure S3F). As expected, we found that CD24

cell-surface expression was undetectable in Gpaa1 KO BPPNM

cells (Figure S3G). Furthermore, akin to our findings in human

ovarian cancer cell lines, Gpaa1 KO BPPNM cells exhibited

enhanced macrophage-mediated phagocytosis in vitro (Fig-

ure S3H). Next, we intraperitoneally implanted parental or

Gpaa1 KO BPPNM cells, which stably expressed luciferase and

GFP, into femaleC57BL/6mice, and after 3weeks of engraftment,

we performed an in vivo phagocytosis assay. The results demon-

strated that Gpaa1 KO BPPNM cells exhibited elevated levels of

in vivo phagocytosis by infiltrating TAMs compared with parental

BPPNMcells (Figures 3E andS3I). In addition, weobserved a sub-

stantial reduction in the growth of tumors derived from Gpaa1 KO

BPPNM cells comparedwith those derived fromparental BPPNM

cells (Figures 3F, 3G, and S3J). Consistent with our observations

in NSG mice, C57BL/6 mice bearing tumors derived from Gpaa1

KO BPPNM cells demonstrated significantly improved survival

compared with mice bearing tumors derived from parental

BPPNM cells (Figure 3H). Collectively, these findings indicate

that the genetic ablation of GPAA1 is sufficient to enhance in vivo

phagocytosis and impede tumor growth in xenografted mice.

Previous studies have shown that targeting phagocytic check-

points can stimulate a robust antitumor T cell response through

priming of T cells by macrophages.35 Interestingly, correlation

analysis using the Tumor Immune Estimation Resource

(TIMER)36 showed that CD24 and GPAA1 expression was nega-

tively correlated with CD8+ T cell infiltration in ovarian cancer

(Figure S3K). To examine T cell infiltration in Gpaa1 KO tumors,

we performed flow cytometry analysis of peritoneal fluid and

immunohistochemistry in omental tumors. The analysis revealed

a significant increase in total CD3+ T cells and cytotoxic CD8+

T cells within Gpaa1 KO tumors compared with tumors derived

from parental BPPNMcells (Figures 3I and 3J). The elevated infil-

tration of CD3+ T cells and CD8+ T cells within Gpaa1 KO tumors

underscores the subsequent activation of the adaptive immune

response following enhanced phagocytosis.
6 Cell Reports 43, 114041, April 23, 2024
The metallo-aminopeptidase inhibitor bestatin binds to
GPAA1 and impairs GPI anchoring
GPAA1 adopts a structural fold similar to that of proteins

belonging to the metallo-aminopeptidase family,14,27 which

carry one or more co-catalytic metal ions (most often Zn). We

therefore hypothesized that the function of GPAA1 in GPI lipid

anchoring could be inhibited by small-molecule aminopeptidase

inhibitors (APIs).

To test this possibility, we assessed several small-molecule

APIs, including actinonin,37 amastatin,38 acebilustat,39 ARM-1,39

bestatin,40 DG051,41 firibastat,42 HFI-142,43 SC-57461A,44 and

tosedostat (CHR-2797),45 for their ability to inhibitGPAA1 function

and, consequently, reduce CD24 cell-surface expression.

Flow cytometry analysis in OVCAR8 cells following treatment

with these APIs revealed that actinonin, ARM-1, bestatin, HFI-

142, and tosedostat significantly decreased CD24 cell-surface

expression (Figure S4A). Notably, actinonin, ARM-1, bestatin,

and tosedostat share similar pharmacophores, such as hydro-

phobic and/or aromatic groups and hydrogen bond acceptors

(Figure S4B), indicating an interaction mechanism similar to their

potential binding partners/receptors. As expected, none of these

APIs altered the cell-surface expression of the non-GPI-linked

protein HLA-A2 (a component of MHC1), except tosedostat,

which showeda slight increase inHLA-A2cell-surfaceexpression

(Figure S4C).

We selected bestatin (also known as ubenimex) for further

analysis due to its well-documented potency in inhibiting multi-

plemetallo-aminopeptidases.40 Additionally, bestatin is a natural

compound derived from Streptomyces oliverticuli and is known

to be orally active, safe, and well tolerated.46,47 We employed

computational methods to explore the potential binding of bes-

tatin and other APIs to GPAA1. A thorough analysis of known

3D structures of aminopeptidase-inhibitor complexes revealed

that the compounds that we found to inhibit GPAA1 interact

with the aminopeptidase active site via the metal ion(s), most

likely Zn, located there (Figures S5 and S6A–S6C; Tables S1

and S2). In this dominant arrangement, two hydrogen acceptor

functional groups from the inhibitor compound encircle themetal

ion. Notably, one Zn ion is the preferred interaction partner for

the inhibitor molecule, even in aminopeptidases with two metal

ions in the active site (Figure 4A). The molecular mechanics

and dynamics calculation results, including blind molecular

docking attempts without prior knowledge of the bestatin-bind-

ing regions using AutoDock Vina,48 show that the binding mode

of bestatin and similar inhibitor compounds observed in amino-

peptidase-inhibitor complex structures is the most plausible,

from the energetic/binding energy point of view, for our pub-

lished GPAA1 structural models, which include GPAA1Zn (with

one Zn ion in the active site) and GPAA1ZnZn (with two Zn

ions).14 We also find that all observed, clinically relevant muta-

tions of GPAA1 (except for L291P) energetically destabilize

GPAA1, further supporting an active functional role for GPAA1

in the genesis of GPI-APs (Figure S6D and S6E).

In Figure 4A, the bestatin-binding pocket involving the GPAA1

Zn-binding residues D153 and D18827 is illustrated for both the

GPAA1Zn and GPAA1ZnZn models. This site was found to be

the most frequently visited by the bestatin molecule in docking

simulations. The bestatin molecule directly contacted the



Figure 3. GPAA1 KO suppresses the growth of ovarian tumors and increases survival in mice

(A) Schematic outline of the experimental approach to monitor in vivo phagocytosis and tumor growth in mice, created with BioRender.

(B) In vivo phagocytosis assay. Left: representative flow cytometry plots showing phagocytotic events (GFP+ F4/80+ cells) of parental, GPAA1 KO, or CD24 KO

OVCAR8 tumor cells; the percentage indicates the frequency of phagocytotic events of all TAMs. Right: Quantification of phagocytic events of all TAMs. Data are

represented as mean ± SEM (n = 5 mice per group).

(C) Left: representative in vivo bioluminescence images of NSGmice 5 weeks following implantation with parental, GPAA1 KO, or CD24 KOOVCAR8 cells. Right:

quantification of tumor growth as measured by total flux. Data are represented as mean ± SEM (n = 5 mice per group).

(D) Survival analysis of NSG mice (n = 5 per group), harboring tumors derived from implantation with parental or GPAA1 KO OVCAR8 cells.

(E) Left: representative flow cytometry plots showing phagocytic events (GFP+ F4/80+ cells) of parental or Gpaa1 KO BPPNM tumor cells 3 weeks after im-

plantation; the number indicates the frequency of phagocytosis events of all TAMs. Right: quantification of phagocytotic events of all TAMs. Data are represented

as mean ± SEM (n = 5 mice per group).

(legend continued on next page)
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Zn(s) located in the GPAA1 active site of both GPAA1Zn and

GPAA1ZnZn, with a binding energy Dg (in kcal/mol) of �5.7 ±

1.04 and�5.14 ± 0.07, respectively. The same principal arrange-

ment of a hydrogen bond acceptor pair from bestatin interacting

with a Zn ion was also found in known 3D complexes, such as

PDB: 3MDJ (one Zn) or PDB: 5IB9 (two Zn).

To confirm the physical interaction of bestatin with GPAA1, we

utilized a cellular thermal stability shift assay (CETSA), a method

for accessing drug-target interactions in cells.49 OVCAR8 cells

were treated with bestatin and then subjected to increasing tem-

peratures to denature and precipitate proteins. Subsequently,

cells were lysed, and the soluble protein fractions were analyzed

by immunoblotting to quantify the changes in thermal stability.

As shown in Figure 4B, the thermal stability of GPAA1 increased

in the presence of bestatin compared with DMSO, suggesting

that bestatin binds to GPAA1.

Specific biochemical assays for measuring the enzymatic ac-

tivity of GPAA1 and components of the GPIT complex are not

yet well established. Consequently, the functional characteriza-

tion of GPIT components and the identification of factors that

modulate GPIT activity have largely relied on the utilization of

GPI-linked protein reporter assays.50 We therefore utilized this

reporter assay to assess the impact of bestatin treatment on

GPIT activity. For this assay, we stably expressed a GPI-

anchored mCherry reporter protein (fused to a streptavidin-

binding peptide [SBP] tag, with an ER localization sequence at

the N terminus and a GPI attachment signal at the C terminus;

Figure 4C, top) in OVCAR8 cells and monitored mCherry local-

ization by immunocytochemistry. As a control, we first assessed

the localization of the GPI-anchored mCherry reporter protein in

GPAA1 KO cells. As anticipated, the mCherry signal was

primarily observed at the cell surface in parental OVCAR8 cells,

but in GPAA1 KO cells, the mCherry signal was not detectable

on the cell surface and was instead predominantly localized

within the ER (Figure 4C). Moreover, the complete absence of

cell-surface expression of the SBP-mCherry-GPI reporter in

GPAA1 KO cells was also confirmed by flow cytometry (Fig-

ure 4D). Subsequently, we examined the impact of bestatin

treatment on mCherry-GPI cell-surface expression, revealing

a notable reduction in cell-surface presentation, as evidenced

by confocal microscopy (Figure 4E) and flow cytometry (Fig-

ure 4F). These results suggest that bestatin inhibits GPAA1

function, impairing GPI anchoring.

Next, we evaluated the impact of bestatin on cell-surface

expression of CD24 in ovarian cancer cell lines. As expected,

bestatin treatment led to decreased CD24 cell-surface expres-
(F) Left: representative in vivo bioluminescence images of C57BL/6 mice 4 weeks

of tumor growth, as measured by total flux. Data are represented as mean ± SEM

(G) Left: image showing omental tumors derived from implantation of parental

represented as mean ± SD (n = 5 mice per group).

(H) Survival analysis of C57BL/6 mice (n = 6 mice per group), harboring tumors d

(I) Boxplot showing immunophenotypic quantification of CD45+, CD3+, and CD8

tumors. Data are represented as mean ± SD (n = 5 mice per group).

(J) Representative immunohistochemistry images showing CD8+ T cell infiltration

cells. Scale bar, 10 mM.

The p values were calculated using one-way ANOVA followed by Dunnett’s mul

(C) and (F), a log rank (Mantel-Cox) test (D) and (H), and a two-tailed unpaired S

Figure S3.
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sion in OVCAR8 (Figure 4G) and SKOV3 (Figure 4H) cells and

also reduced cell-surface expression of other GPI-APs tested

(Figure S7A). Notably, bestatin treatment did not affect cell pro-

liferation of ovarian cancer cells (Figure S7B). Importantly, bes-

tatin had no significant effect on total CD24 levels, as assessed

by flow cytometry following cell permeabilization (Figure S7C),

indicating that bestatin specifically decreases cell-surface

expression of CD24 without affecting intracellular CD24 levels.

Finally, shRNA-mediated knockdown of either CD13 or LTA4H,

two well-known targets of bestatin,51,52 had no effect on CD24

cell-surface expression (Figures S7D–S7G), strongly suggest-

ing that the ability of bestatin to reduce CD24 cell-surface

expression is due to its inhibition of GPAA1.

Bestatin, alone or in combination with docetaxel,
inhibits growth of human ovarian cancer xenografts in
mice
Because bestatin treatment reduced CD24 cell-surface expres-

sion, we hypothesized that bestatin could, like GPAA1 deple-

tion, augment phagocytosis of ovarian cancer cells and inhibit

tumor growth. In an in vitro phagocytosis assay, we found that

bestatin treatment increased macrophage-mediated phagocy-

tosis of OVCAR8, SKOV3, and OVCAR3 cells compared with

DMSO-treated cells (Figures 5A–5C). As expected, bestatin

treatment of A2780 cells, which lack CD24 expression, did not

result in a significant increase in phagocytosis compared with

DMSO-treated cells (Figure 5D), strongly suggesting the speci-

ficity of bestatin in targeting CD24-dependent mechanisms.

To determine the effect of bestatin treatment on in vivo

phagocytosis and ovarian tumor growth, we intraperitoneally

implanted OVCAR8 or SKOV3 cells expressing GFP and lucif-

erase in NSGmice. After 1 week, bestatin or vehicle was admin-

istered through intraperitoneal injection. As shown in Figures 5E

and 5F, bestatin treatment resulted in a substantial reduction in

tumor growth compared with the control vehicle-treated group.

A hallmark of ovarian cancer that is also observed in mouse

models is the build-up of fluid in the peritoneal cavity,34 and

we found that bestatin-treated mice exhibited significantly

reduced ascites accumulation compared with vehicle-treated

mice (Figures 5G and 5H). Furthermore, in vivo phagocytosis

assays showed that bestatin-treated mice exhibited substan-

tially increased GFP+ F4/80+ double-positive cells, indicative

of macrophage-mediated engulfment of ovarian cancer cells

(Figures 5I and 5J).

Combination therapies are often used to enhance the efficacy

of treatment relative to monotherapies by targeting critical
after implantation with parental or Gpaa1 KO BPPNM cells. Right: quantitation

(n = 5 mice per group).

or Gpaa1 KO BPPNM cells. Right: quantification of tumor weight. Data are

erived from implantation of parental or Gpaa1 KO BPPNM cells.
+ immune cells in peritoneal fluid derived from parental or Gpaa1 KO BPPNM

in omental tumors derived from implantation of parental or Gpaa1 KO BPPNM

tiple-comparisons test for (B), two-way ANOVA with multiple comparisons for

tudent’s t test for (E), (G), and (I). *p < 0.05, **p < 0.01, ***p < 0.001. See also
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pathways synergistically or additively. We therefore hypothe-

sized that simultaneous suppression of the CD24 phagocytic

checkpoint and induction of a pro-phagocytic signal, such as

surface localization of calreticulin (CALR),53,54 could augment

phagocytosis and suppress tumor growth more effectively.

To induce CALR, we used docetaxel, a conventional first-line

chemotherapeutic drug for ovarian cancer55,56 that has been

shown to induce surface localization of CALR.57 Consistent

with this idea, we found that docetaxel efficiently induced

CALR cell-surface expression in OVCAR8 cells, whereas two

other chemotherapeutic agents, carboplatin and doxorubicin,

did not (Figures 5K and S8). Moreover, combination treatment

with bestatin and docetaxel promoted in vitro phagocytosis of

OVCAR8 cells better than either treatment alone (Figure 5L).

Finally, we assessed the impact of combined treatment with bes-

tatin and docetaxel on tumor growth in mice. In this experiment,

OVCAR8 cells were subcutaneously implanted into NSG mice,

and once tumors were established, the mice were treated with

vehicle, bestatin, or docetaxel or a combination of both drugs,

and tumor volume was monitored weekly. The results showed

that, compared with single-agent treatment, combination treat-

ment significantly reduced tumor growth (Figure 5M). These find-

ings suggest that activating the pro-phagocytic CALR signal may

enhance the ability of bestatin to inhibit ovarian tumor growth.

DISCUSSION

The CD24-Siglec10 axis, initially identified as an inflammatory

response regulator in tissue injury,58 now falls within the category

of phagocytic immune checkpoint axes, akin to CD47-SIRPa,59

B2M-LILRB1,60 and PDL1-PD1.61 Recent studies have high-

lighted CD24 as a potential immunotherapeutic target in various

cancers.10,29,62,63 In the ovarian tumor microenvironment, CD24

is predominantly expressed in malignant tumor cells (Figure 2A).

In contrast, CD47, another anti-phagocytic signal, is widely ex-

pressed across all cell types.10 Thus, targeting CD24 may offer

the advantage of fewer off-target effects, potentially reducing

the risk of toxicity.64
Figure 4. Bestatin binds to GPAA1 and inhibits GPIT activity

(A) Molecular modeling of bestatin binding modes in the GPAA1Zn (top left) and G

bestatin complexes PDB: 3MDJ (one Zn, top right) and PDB: 5IB9 (two Zn, bottom

oxygen, red; others, yellow; hydrogen is not shown for simplicity), the aminopeptid

that are within 4 Å of bestatin (BES) are shown in green. The Zn-interacting resid

(B) Cellular thermal stability shift assay. Top: immunoblot analysis monitoring G

(DMSO). Bottom: the shift in bestatin binding to GPAA1 was analyzed by the Bol

under DMSO treatment conditions at 25�C. Data are represented as mean ± SD

(C) Top: Schematics of a typical GPI-AP and the mCherry-SBP-tagged reporter

zation of mCherry in parental or GPAA1 KO OVCAR8 cells expressing the mChe

Scale bar, 50 mm.

(D) Left: representative flow cytometry histograms of SBP cell-surface expression

represented as mean ± SD (n = 3 independent experiments).

(E) Representative immunofluorescence images showing localization of mCherr

treated with DMSO or 20 mM bestatin. ER tracker and merge images are shown.

(F) Left: representative flow cytometry histograms of SBP cell surface expressio

fication of MFI. Data are represented as mean ± SD (n = 3 independent experim

(G and H) Left: representative flow cytometry histograms of CD24 cell-surface ex

bestatin. Right: quantification of MFI. Data are represented as mean ± SD (n = 3

The p values were calculated using a two-tailed unpaired Student’s t test for (D) an

**p < 0.01, ***p < 0.001. See also Figures S4–S7.
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Preclinical studies targeting the CD24-Siglec10 axis using

monoclonal antibodies (mAbs) or bispecific peptides have

shown promising results, particularly in boosting phagocytic ac-

tivity in CD24+ tumors by TAMs.10,33,65 However, the therapeutic

efficacy and safety of these interventions have not been tested in

clinical settings. Although humanized mAbs targeting CD24 hold

potential as cancer immunotherapeutics,66 small-molecule ther-

apeutics offer several advantages, including better penetration

into solid tumors, reduced immunogenicity, lack of Fc-mediated

side effects often observed with mAbs, oral administration con-

venience, and reduced production costs.67,68

In this study, we identified GPAA1 as a factor that plays a

crucial role in facilitating cell-surface localization and expression

of CD24 and showed that a small-molecule inhibitor of GPAA1,

bestatin, reduced ovarian tumor growth by inducing macro-

phage-mediated phagocytosis. Notably, previous studies have

reported that bestatin, or its derivative LYP, may reduce ovarian

cancer growth by directly killing cancer cells through inhibition of

aminopeptidase N (APN/CD13) activity.69 However, in our exper-

iments, we did not observe any significant effect of bestatin on

cell viability, even at very high concentrations, suggesting that

the primary mechanism of bestatin-mediated tumor reduction

in ovarian cancer is through an immune-mediated mechanism

rather than a direct effect on cell viability. The results of our study

highlight the potential of targeting GPAA1 as a therapeutic

approach for CD24+ ovarian cancers. In addition, we found

that shRNA-mediated knockdown of other factors involved in

GPI biosynthesis, such as PIGM, PIGN, PIGO, PIGP, PIGT, and

PIGU, which were also identified from our primary screen, also

led to a reduction in CD24 cell-surface levels, suggesting the

GPI biosynthesis pathway as a broader immunotherapeutic

target. Interestingly, although the GPI biosynthesis pathway is

crucial for the viability of yeast and protozoans, in mammals

it is thought to be non-essential.70 Consistent with this idea,

we observed that the KO of GPAA1 in multiple ovarian cancer

cell lines did not result in a proliferation defect. Moreover, knock-

down of other components of the GPIT complex, such as PIGM,

PIGN, PIGO, PIGP, PIGT, and PIGU, waswell tolerated in ovarian
PAA1ZnZn (bottom left) models compared with the reference aminopeptidase-

right). The bestatin molecule is shown as sticks (carbon, white; nitrogen, blue;

ase pockets are shown as surfaces with the Zn in spheres. The pocket residues

ues are labeled.

PAA1 levels at increasing temperatures in the presence of bestatin or vehicle

tzmann sigmoid equation. All data were normalized to the response observed

(n = 3 independent experiments).

GPI-AP. Bottom: representative immunofluorescence images showing locali-

rry-SBP-tagged reporter GPI-AP. ER tracker and merged images are shown.

in parental or GPAA1 KO OVCAR8 cells. Right: Quantification of MFI. Data are

y in OVCAR8 cells expressing the mCherry-SBP tagged reporter GPI-AP and

Scale bar, 50 mm.

n in OVCAR8 cells treated with DMSO or 10 or 20 mM bestatin. Right: quanti-

ents).

pression in OVCAR8 (G) or SKOV3 (H) cells treated with DMSO or 10 or 20 mM

independent experiments).

d one-way ANOVA followed by Dunnett’s multiple-comparisons test for (F)–(H).



Figure 5. Bestatin treatment increases phagocytosis and inhibits the growth of human ovarian cancer xenografts in mice

(A) In vitro phagocytosis assay. Representative images (left) and quantification (right) of macrophage-mediated phagocytosis of OVCAR8 cells treated with

bestatin (20 mM) or, as a control, DMSO. The results were normalized to that obtained with DMSO. Scale bars, 100 mm. Data are represented as mean ± SD (n = 3

independent experiments).

(B–D) Quantification of macrophage-mediated phagocytosis of OVCAR3 (B), SKOV3 (C), and A2780 (D) cells treated with bestatin (20 mM) or DMSO. The results

were normalized to that obtained with DMSO. Data are represented as mean ± SD (n = 3 independent experiments).

(E and F) Left: representative in vivo bioluminescence images of NSG mice 5 weeks following implantation with OVCAR8 (E) or SKOV3 (F) cells and treated with

bestatin or vehicle. Right: tumor growth, as measured by total flux. Data are represented as mean ± SEM (n = 5 mice per group).

(G) Left: representative image depicting peritoneal ascites accumulation in mice 5 weeks following implantation with OVCAR8 cells and treatment with either

vehicle or bestatin. Right: quantification of ascites volume from vehicle or bestatin-treated mice. Data are represented as mean ± SEM (n = 5 mice per group).

(H) Quantification of ascites volume in mice 5 weeks after implantation with SKOV3 cells and treatment with vehicle or bestatin. Data are represented as mean ±

SEM (n = 5 mice per group).

(legend continued on next page)
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cancer cells. Notably, like GPAA1, several other components of

the GPI pathway are aberrantly expressed in many cancers,

including ovarian cancer.22 Many of these GPI pathway proteins

are enzymatic and therefore of potential therapeutic interest.

However, despite attempts to target the GPI pathway in fungal

and protozoan pathogens,70–72 targeted inhibition of the

pathway in mammalian systems has proven difficult.72 To date,

targeting of GPI pathway proteins has not yet been explored in

the context of cancer.

Prompted by previous studies showing that GPAA1 has a cat-

alytic site that is structurally similar to that of metallo-aminopepti-

dases29 and is suggested to function as ametallo-peptide synthe-

tase catalyzing the creation of a peptide bond between the

carboxyl group of the substrate protein and the phosphoethanol-

amine of themature GPI lipid anchor,27 we anticipated that the in-

hibition of this potential enzymatic function could be achieved us-

ing commercially available APIs. Our results convincingly show

that the impliedGPAA1 function can indeed bepharmacologically

targeted by several APIs, including bestatin, tosedostat, and

ARM-1. Because the three compounds share similar pharmaco-

phores, such as hydrophobic and/or aromatic groups and

hydrogen bond acceptors, their interaction mechanism with

GPAA1 is most likely similar. Indeed, our computational docking

efforts of bestatin andGPAA1 recoveredmolecular arrangements

observed in known 3D structures of aminopeptidase inhibitor

complexes, in which a metal ion is encircled by hydrogen

acceptor groups of the inhibitor and the compound is embedded

in a binding pocket that is collocated with the active site.

Our work provides the first experimental evidence for the

theoretically deduced metallo-peptide synthetase activity of

GPAA1.27 Notably, our results are in agreement with previous

studies that convincingly associate GPAA1 with the process

of GPI lipid anchor attachment (a process that has been

shown to be independent and separable of cleavage of the

C terminus of the substrate protein by the caspase-like prote-

ase PIGK, which generates the substrate for GPI anchor

attachment)13,18,20,73 and with 3D structural data for GPAA1

(except for some details, including the Zn ions near the active

site, which might result from issues of sample preparation and

structural resolution).14,19,27,50,73

At the same time, our experimental findings in this study and

previous work14,27 are in conflict with two published, almost

identical cryoelectron microscopy (cryo-EM) structures of the

GPIT complex19,50 that cannot rationalize a catalytic involvement

of GPAA1 in the process of GPI lipid anchor attachment. How

can this conflict be resolved? First, recent work by Ness

et al.74 reaffirmed that GPAA1 is an essential subunit within the

minimal complex with GPI lipid transferase activity. They
(I and J) Quantification of TAM-mediated phagocytosis of OVCAR8 (I) or SKOV3 (

mean ± SEM (n = 5 mice per group).

(K) Left: representative flow cytometry analysis of CALR in OVCAR8 cells treated

Data are represented as mean ± SD (n = 3 independent experiments).

(L) Quantification of macrophage-mediated phagocytosis of OVCAR8 cells treat

dependent experiments).

(M) Measurement of tumor growth inmice subcutaneously implanted with OVCAR

SEM (n = 5 mice per group).

The p values were calculated using a two-tailed unpaired Student’s t test for (A)–

(M). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S8.
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advanced the idea of dimerization and speculated that the pro-

cess might involve the spatial vicinity of active sites of PIGK

and GPAA1 from different complex entities. Second, it can

also not be excluded that previously published cryo-EM struc-

tures do not represent catalytically active GPIT conformations

as a result of sample preparation or certain assumptions in the

structure modeling. Supporting the latter point of view is a

recently reported structure of the GPIT complex together with

model ligands, which shows PIGK and GPAA1 in cooperating vi-

cinity and with metal ions interacting with the phosphoethanol-

amine attached to the GPI lipid anchor.73 A direct enzymatic

assaywith an in vitro-reconstructedGPIT complex will be neces-

sary to evaluate the activity of individual GPIT subunits and the

mechanism of action of APIs that disrupt GPIT function.

In summary, the findings of this study highlight the potential for

therapeutic targeting of CD24 through GPAA1 inhibition using

small-molecule APIs. Our results encourage further exploration

of theGPI pathway asapromising target for smallmolecule-based

immunotherapeutic strategies. Although our research primarily

focused on ovarian cancer, it is essential to recognize that

GPAA1-mediatedCD24 regulation is not limited to ovarian cancer.

Consequently, targeting GPAA1 and other components of theGPI

synthesis pathway could be a feasible strategy for various CD24-

positive cancers, including breast, lung, and colorectal cancers.9

Limitations of the study
Our study reveals that inhibition of the GPIT subunit GPAA1 dis-

rupts the cell surface localization and expression of the immune

checkpoint CD24. A rescue experiment, aimed at restoring the

membrane surface expression of CD24 in a GPI-independent

manner, could have provided further insights into the specific

role of the GPAA1-CD24 axis in regulating the phagocytosis of

cancer cells by macrophages. The lack of in vitro assays for

directly evaluating the enzymatic activity of GPAA1 restrained

us from precisely determining the specific mechanism of action

of bestatin and other APIs on GPAA1 inhibition. Furthermore, our

results reveal that the CD24-dependent mechanism is predomi-

nant; however, we cannot exclude the possibility that there may

be contributions from other GPI-linked proteins in tumor growth

and/or phagocytosis.
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NCI-ADR-RES Lab Stock N/A

IGROV1 Sigma-Aldrich Cat# SCC203

A2780 Kindly provided by Dr. Sharon Cantor

UMass Chan Medical School

N/A

HEK-293T ATCC CRL-3216

BPPNM Kindly provided by Dr. R. Weinberg

Massachusetts Institute of Technology

N/A

Experimental models: Organisms/strains

NOD-scid IL2R gamma null (NSG) mice Jackson Laboratory RRID:IMSR_JAX:005557

C57BL/6 mice Jackson Laboratory RRID:IMSR_JAX:000664

Oligonucleotides

Sequences for qPCR primers, shRNAs

and sgRNAs

See Table S3 N/A

Recombinant DNA

LentiCRISPRv2 Sanjana et al.76 RRID: Addgene_52961

lentiCas9-Blast Sanjana et al.76 RRID: Addgene_52962

pXPR_011 Doench et al.77 RRID: Addgene_59702

pLenti-Emerald-Green-luc A gift from Jonathan M Hernandez, NCI. N/A

pCDH_SBP-mCherry-GPI Boncompain et al.78 RRID: Addgene_65299

psPAX2 gift from Didier Trono RRID: Addgene_12260

pMD2.G gift from Didier Trono RRID: Addgene_12259

Human Brunello CRISPR Knockout

Pooled Library

Doench et al.16 Addgene #73178

Software and algorithms

Bowtie (version 1.2.2) Langmead et al.79 https://bio.tools/bowtie

Illustrator 2022 Adobe https://www.adobe.com/products/illustrator.

html

Bio Turing Inc. Le et al.80 https://bioturing.com/

IVIS Spectrum CT Perkin-Elmer https://www.perkinelmer.com/uk/product/

ivis-instrument-spectrum-ct-120v-128201

IVIS Living Image 4.0 Perkin-Elmer https://www.perkinelmer.com/uk/

category/in-vivo-imaging-software

FlowJo v10 FlowJo, LLC RRID: SCR_008520

ImageJ https://imagej.nih.gov/ij/download.html N/A

Fiji https://imagej.net/software/fiji/ N/A

AutoDock Vina Trott et al.48 https://vina.scripps.edu/

Glide v8.8 Friesner et al.81 N/A

PRODIGY-LIG Vangone et al.82 https://github.com/haddocking/prodigy-lig

Bioconductor package ChIPpeakAnno Zhu et al.83 https://bioconductor.org/packages/

release/bioc/html/ChIPpeakAnno.html

R package CRISPRscreen github https://github.com/LihuaJulieZhu/

CRISPRscreen

BioRender BioRender https://www.biorender.com/

Prism 9.0 GraphPad https://www.graphpad.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Sunil K. Malonia (sunil.

malonia@umassmed.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The data reported in this paper will be shared by the lead contact upon request.

d This paper analyzes existing, publicly available data; the accession numbers for these datasets are listed in the key resources

table.

d The original code has been deposited at Zenodo as an R package CRISPRscreen https://zenodo.org/doi/10.5281/zenodo.

10712119.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
Human ovarian cancer cell lines A2780, A1847, IGROV1, OVCAR3, OVCAR4, OVCAR8, SKOV3, and NCI/ADR-RES were cultured in

RPMI 1640 medium. The HEK293T cell line was maintained in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose media

supplemented with 10% fetal bovine serum (FBS), sodium pyruvate, non-essential amino acids, 100 units/ml penicillin and

100 mg/mL streptomycin. All cell lines were cultured at 37�C and 5% CO2. Sublines derived from OVCAR3, OVCAR8, and SKOV3

were cultured in the same conditions as the parental cell lines. The BPPNM (Brca1�/�Trp53�/�R172HPten�/�Nf1�/�MycOE) cell

line and its sublines were cultured DMEM supplemented with 1% insulin–transferrin–selenium (ITS-G), EGF (2 ng/mL), 4% heat-in-

activated fetal bovine serum, 100 units/ml penicillin and 100 mg/mL streptomycin.

Animal studies
All mouse studies were performed using 6-7-week-old female NOD scid gamma (NSG) or C57BL/6 mice in accordance with the

Guide for the Care and Use of Laboratory Animals from NIH, and a protocol (202000105) approved by the UMass Chan Medical

School Institutional Animal Care and Use Committee (IACUC).

METHOD DETAILS

Lentivirus packaging, transduction, and shRNA knockdown
To package lentiviral shRNAs, 1x106 HEK293T cells were transfected with lentiviral shRNA or transgene vectors and packaging plas-

mids psPAX2 and pMD2.Gmixed in a 2:2:1 ratio. Transfection was performed using an Effectene transfection reagent. The next day,

the medium was replaced to remove DNA complexes. After 48 h, post-transfection medium containing lentiviral particles was

collected and filtered through a 0.45 mm filter.

For shRNA knockdown, 1x105 cells per well were seeded in 6-well plates and transduced with lentivirus expressing an shRNA or a

non-silencing shRNA (listed in Table S3) in a total volume of 1mL of appropriatemedium supplementedwith 10 mg/mL polybrene. The

medium was replaced after overnight incubation to remove polybrene and viral particles and cells were selected with puromycin

(2 mg/mL) for 4–5 days.

CRISPR/Cas9 screen
To generate a stable Cas9-expressing OVCAR8 cell line, the plasmid lentiCas9-blast was packaged into a lentivirus as described

above, and the viral supernatant was used to transduce the target cells. Cells were selected for 5 days with blasticidin (5 mg/mL)

and single-cell clones were isolated and tested for Cas9 gene editing efficiency using the Cas9 reporter vector pXPR_011. For the

screen, 8x107 OVCAR8/Cas9 cells were transduced with the Human Brunello CRISPR Knockout Pooled Library16 at a multiplicity

of infection (MOI) of 0.5.Cellswere selectedwith 2mg/mLpuromycin for 15days and then stainedwith anAPC-conjugated anti-human

CD24 antibody for 30 min on ice in the dark. Five to 10 min prior to FACS, 7-AAD solution was used to exclude dead cells from the

analysis. At least 1x108CRISPR-edited cellswere FACSsorted to isolate theCD24low (defined as cells with the 5% lowest CD24 stain-

ing) and 7AADneg population. Total genomic DNAwas extracted from the CD24low and unsorted populations andwas used to prepare

next-generation sequencing libraries as previously described,84 which were sequenced using Illumina technology. The quality of the

raw reads was assessed using FastQC (version 0.11.5). The 20-bp sequences immediately following the pre-guide RNA sequence

"GGCTTTATATATCTTGTGGAAAGGACGAAACACCG" was extracted using a customized Perl script. For mapping the 20 bp reads

to the human Brunello library’s single guide RNA (sgRNA) sequences, Bowtie (version 1.2.2) was employed with the default
Cell Reports 43, 114041, April 23, 2024 21

mailto:sunil.malonia@umassmed.edu
mailto:sunil.malonia@umassmed.edu
https://zenodo.org/doi/10.5281/zenodo.10712119
https://zenodo.org/doi/10.5281/zenodo.10712119


Article
ll

OPEN ACCESS
parameters, except for -m 1 –best -v 379. To identify candidate genes for further validation and analysis, Fisher Exact test was per-

formed, and P-values were adjusted using the BH-method to counteract the effects of multiple hypothesis testing. CRISPRscreen,

an R package, was used for statistical analysis and figure generation (https://github.com/LihuaJulieZhu/CRISPRscreen). Gene

Ontology (GO) enrichment analysis was performed using the function getEnrichedGO in Bioconductor package ChIPpeakAnno.

GO terms with a P-value <0.001 were considered significant.

CRISPR knockout generation
For the generation of GPAA1 and CD24 knockout cell lines, sgRNAs targeting the GPAA1 and CD24 genes (listed in Table S3) were

cloned into the lenti-CRISPRv2 vector and packaged into lentivirus as described above. Cells were transduced with lentiviral parti-

cles and selected in puromycin (2 mg/mL) for 10 days. Single-cell clones were isolated using the serial dilution method in 96-well

plates. Individual clones were propagated, and gene-specific knockout was confirmed by immunoblotting using polyclonal anti-

bodies against GPAA1 or CD24.

Flow cytometry analysis
For cell surface staining, 1x105–1x106 cells were first incubated with Fc receptor blocking solution for 10 min at room temper-

ature. Cells were washed once in FACS buffer (1X PBS, 1.0% bovine serum albumin (BSA) and 0.2% sodium azide), and then

incubated with antibodies for 30 min at 4�C in the dark. Cells were also stained with 7-AAD or DAPI for dead cell exclusion, and

flow cytometry analysis was performed using a Bio-Rad ZE5 Cell Analyzer. For intracellular staining, cells were fixed with 1%

paraformaldehyde for 5 min and permeabilized using the True-Nuclear Transcription Factor Buffer Set before the addition of the

antibody.

Quantitative RT-PCR
Total RNA was extracted from cells using Trizol. The cDNA was synthesized using Proto Script II reverse transcription kit (NEB) and

real-time PCR reactions were performed using a Quant Studio 3 Real-Time PCR system (Applied Biosystems) using primer se-

quences listed in Table S3. Target gene expression was normalized to that of GAPDH.

Immunoblot analysis
Cells seeded in 6-well plates were harvested and lysed in RIPA buffer (1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, 20 mM

Tris, pH 7.5, 10% glycerol) containing 1X protease inhibitor cocktail and 1 mM PMSF. Total lysates (30 mg) were run on 10% SDS-

PAGE and transferred to nitrocellulose membrane. Membranes were blocked with 5% non-fat dry milk and incubated with the

following antibodies overnight at 4�C: anti-GPAA1 (1:1000 dilution), anti-CD24 (1:1,000 dilution), or anti-b-actin (1:2000 dilution).

The blots were imaged by exposing them to X-ray film. Experiments were conducted three independent times and the results

from one representative experiment are shown.

Confocal microscopy
To prepare cells for confocal microscopy, cells were grown on coverslips and fixed with 4% paraformaldehyde for 20 min at room

temperature followed by three washes with cold 1X PBS. Cells were then permeabilized with 0.3% Triton X-100 for 10 min, washed

three times with cold PBS, blocked for 1 h at room temperature with 10% goat serum in PBS, and then incubated at 4�C overnight

with recombinant anti-CD24 primary antibody. The cells were then washed three times with PBS, incubated with a fluorescently con-

jugated secondary antibody (goat anti-rabbit IgG H&L (Alexa Fluor 594) for 1 h at room temperature, and then washed again three

timeswith PBS. For ER staining, cells were incubatedwith ER-Tracker Blue-White DPX in PBS for 10min at room temperature. There-

after, cells were washed three times with PBS before being mounted in ProLong Gold Antifade Mountant. Images were taken using a

Leica SP8 Laser Scanning Confocal Fluorescencemicroscope using a 1003 objective lens (oil). The z stack images were takenwith a

0.2 mm thick frame. Images were processed and analyzed using Fiji software.

Small-molecule inhibitor and drug treatments
Ovarian cancer cells were seeded in 96-well plates, and when reached 70% confluency, cells were subjected to treatment with

aminopeptidase inhibitors for 48 h with the concentrations as indicated in the figure legends. Dimethyl sulfoxide (DMSO) served

as the vehicle control. In the case of chemotherapeutic drugs Docetaxel (100 nM), Carboplatin (100 nM), and Doxorubicin

(50 nM), cells were treated for 12 h.

Analysis of GPAA1 genomic amplification and Kaplan-Meier analysis
Pan-cancer analysis of genomic amplification of GPAA1 was performed using the online cBioPortal database (http://www.

cbioportal.org). To generate the survival curves for patients expressing high (upper 25%) versus low (other 75%) levels of GPAA1,

the interactive web server Online consensus Survival analysis for Ovarian cancer (OSov) found at the Long-term Outcome and

Gene Expression Profiling Database of pan-cancers (LOGpc) (https://bioinfo.henu.edu.cn/OV/OVList.jsp) was used to query the da-

taset GEO: GSE63885 (for GPAA1).
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Analysis of scRNA-seq dataset
The Bioturing Talk2data online interactive web tool was used to query the publicly available single-cell RNA (scRNA) dataset (GEO:

GSE165897) as previously described.80 Default parameters were utilized to generate tSNE plots illustrating the expression of CD24

and GPAA1 using BioVinci tool. Cell clusters in the ovarian cancer tumor microenvironment (TME) were identified based on author-

defined cell types defined.75

Descriptor extraction of inhibitor-binding pocket features and common pharmacophores of aminopeptidase
inhibitors
Inhibitor-bound aminopeptidase complexes were identified from Protein DataBank (PDB, accessed in October 2021) using the

‘‘Advanced Search’’ with the query containing a combination of additional structure keywords: ‘‘aminopeptidase’’ and ‘‘inhibitor’’.

Only 107/121 aminopeptidase complexes that contain small molecules as inhibitors were retrieved for analysis; the remaining set

of the aminopeptidase inhibitors are peptide-like types and were excluded from further analysis in this computational study (the

full list in Table S1). Themajority of the structures (82/107) includedmetals in the inhibitor-binding regions, with 89% (73/82) involving

direct metal binding; no information of metals was captured in the other (25/107) complexes. With these variations in mind, we first

computed various characteristics of ion and inhibitor binding by aminopeptidases such as numbers of metals in the aminopeptidase

active sites and the amino acid residues directly interacting with the ions and the corresponding inhibitors. The dpocket module

implemented in the fpocket 2.0 package85 was used to describe the inhibitor-bound pocket properties such as the amino acid pro-

pensity, volume, hydrophobicity and charge scores, as well as the ligand volume. The binding energies were estimated using the

PRODIGY-LIG package.37 PharmaGist server86 was used to identify pharmacophores, e.g., aromatic, hydrophobic, hydrogen

bond donor, and/or acceptor groups, present in the set of 107 aminopeptidase-inhibitor complexes. The resulting features of the

inhibitor pharmacophores and the inhibitor-bound pocket amino acid propensities were used to first group the inhibitor set using

k-means clustering incorporatedwith principal component (PC) analysis implemented in the scikit-learn v.0.23.2 package.87 Low var-

iances were observed: �80% of the total variances explained by the first 6 PCs with the variances maximized within the first 3 PCs.

The latter were then used for the k-means clustering as labeled in Figure S5A. The same clustering procedure using the first 6 PCs

resulted in�99.1% similar membership (106/107 members remained in the same clusters). Four clusters (k = 4) were finalized as the

best number of clusters (see clustering evaluation in Figure S5C). Subsequently, the four clusters were further sub-grouped based on

themetal binding capacity of the aminopeptidase active sites shown in Figure S5B lackingmetal (no_metal), with direct metal binding

(#num_metal > 0), without direct metal binding (#num_metal = 0), or different types of metals (ZN, CO, MN, NI, etc.). The common

pharmacophores in each sub-cluster of inhibitors were identified using the PharmaGist server with the first molecule in each sub-

cluster assigned as the pivot molecule (Figures S5E and S5F). For example, the inhibitor labeled ‘‘677’’ in the aminopeptidase-inhib-

itor complex PDB: 3hab represents the sub-cluster 0a. Only the alignment against the pivot molecule with the maximum alignment

score was selected for each sub-cluster. In cases of a partial alignment (i.e., not all molecules are fully aligned against the pivot mole-

cule), the remaining ‘‘not aligned’’ set of each sub-cluster would undergo the pharmacophore re-search and a new pivot molecule

would be re-assigned. If no alignment could be achieved, pharmacophore search for the single molecule would be performed. The

common pharmacophores were visualized and analyzed using the ZINC-Pharmer.88

Docking analyses of bestatin to the GPAA1 active sites
Ten replicates were extracted from the molecular dynamics (MD) trajectories of the Zn(s)-bound GPAA1 in our previous study14 and

used to first explore the potential BES-binding pocket on the GPAA1Zn andGPAA1ZnZn structures. Blind docking was first initiated on

the 10 replicates (103 1000 binding modes) using AutoDock Vina48 with a grid box centering and covering the whole GPAA1 struc-

ture (as receptor). The bestatin molecule retrieved from PubChem (CID: 72172) was used as the ligand. Only those pockets that

involved the GPAA1 active sites and the Zn atom(s) and that were most frequently visited by the ligand were of interest. The previous

3 3 300 ns MD samplings of the GPAA1Zn and GPAA1ZnZn models14 were extended to 3 3 500 ns using the same parameters as

previously described. Ten replicates were extracted from the last 300 ns of the new sampling for further docking refinement. In

the subsequent focus docking refinement, we used Glide version 8.8 implemented in the Schrödinger package, release 2020-3.81

The bestatin molecule was prepared andminimized using the LigPrepmodule. Then, it was docked attentively to the detected region

of interest above, i.e., the proximity of the Zn(s)-bound active sites of the GPAA1 structures resulted from the blind docking exper-

iment. For the receptor, a grid box of 7 Å (or 10 Å) was set centering the Zn (or Zns, respectively) coordinated with the GPAA1 active

sites that include D153, D188, Y328 and/or E226.14 The docking protocol with default settings was performed on the extracted 10

replicates of the GPAA1Zn or GPAA1ZnZn conformations. Only those resulting docked complexes with the bestatin binding modes

satisfying the detected pharmacophores (i.e., similar to those in the controls PDB: 3mdj and 5ib9) were selected for further analyses.

The binding energies were estimated using the PRODIGY-LIG server.82

Computational mutagenesis of the GPAA1 structures
To analyze reported clinical mutations in GPAA1,89–91 we performed mutagenesis on our GPAA1 models to generate the mutant

structures and investigated the protein stability in the presence of the mutations. Among the clinical mutations, six mutations

W176S, L290P, L291P,91 N323S,90 and H306R, A316V89 are covered within the length of our lumenal GPAA1 models.14 They

were individually modeled on the GPAA1Zn structure using FoldX 5.0.92 For each of the mutations, 100 replicates of the mutant
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structures were generated for statistical reliability. The respective structural free energy differences between the wildtype and mu-

tants (Dg) were then estimated to investigate the protein structural stability. The alanine scanning was also performed on the

GPAA1Zn structure using the AlaScan module implemented in the FoldX 5.0 package.

Cellular thermal shift assay (CETSA)
CETSA assays were performed as described previously.49 In brief, 1x107 OVCAR8 cells were treated with DMSO or 100 mM bestatin

for 2 h. Cells (50 mL) were aliquoted in PCR tubes and incubated at room temperature (25�C) or at a range of temperatures

(37�C–65.2�C) in a thermal cycler for 3 min and cooled to 4�C. Cells were lysed using Alpha SureFire Ultra Lysis Buffer supplemented

with Protease Inhibitor Cocktail. Insoluble proteins were separated by centrifugation at 15000xg for 30 min at 4�C. Equal volumes of

each sample were separated by SDS-PAGE and detected by immunoblotting blotting using an anti-GPAA1 polyclonal antibody.

Three independent experiments were performed. Densitometry of the blots was performed using ImageJ software and the graph

was plotted using GraphPad Prism 9.0.

Macrophage generation and stimulation
Primary human donor-derived macrophages were generated as described previously.93 In brief, leukopaks from anonymous donors

were obtained from the Rhode Island Blood Center (Providence, RI) and peripheral blood monocytes (PBMCs) were isolated by den-

sity gradients centrifugation using Ficoll Paque Plus followed by RBC lysis using RBC lysis buffer. For monocyte isolation, PBMCs

were incubated inmonocyte attachmentmedium (MAM) for 1 h at 37�Cand5%CO2and thenwashed three times in Iscove’sModified

Dulbecco’sMedium (IMDM) to removenon-adherent cells. The remainingmonocytesweredetachedandseeded in 96-well plates and

cultured at 37�Cand5%CO2 in IMDMsupplementedwith 10%FBSand 20 ng/mL recombinantM-CSF. After 4 daysmonocyteswere

then treatedwith 20 ng/mL recombinant human IL-4 and 10 ng/mL recombinant human IL-13 for another 3-4 days to obtainM2 polar-

ized macrophages.94 Macrophage differentiation was confirmed morphologically using microscopy. M2-macrophage polarization

was confirmed by immunophenotyping of the M2 marker CD206.

In vitro phagocytosis assays
Ovarian cancer cells were labeledwith pHrodoRed on ice for 30min and then co-culturedwith PBMC-derivedM2macrophages (pre-

pared as described above) at a ratio of 1:1 (ovarian cancer cells: macrophages) for 4 h in a humidified 5% CO2 incubator at 37
�C.

Phagocytic events were quantified by counting the number of red fluorescent (pHrodo+) cells per well using a Celigo Imaging Cytom-

eter.GFPwasused for thevisualization of cancer cells in imaging. Phagocytic eventswerealsoquantifiedusingapreviouslydescribed

flow cytometry-based assay.10,65 In brief, M2-like macrophages co-cultured with EmGFP+ cancer cells in ultra-low attachment 96

plates were harvested and stained with Pacific blue anti-human CD14 and APC anti-human CD11b and analyzed by flow cytometry.

The percentage of macrophages undergoing phagocytosis (eaters) was calculated as the percentage of CD11b+ EmGFP+ double-

positive cells in the population. For phagocytosis assay with mouse cells (BPPNM), Murine RAW264.7 (RAW) macrophages were

cultured in RPMI supplementedwith 10% fetal bovine serumand2%penicillin/streptomycin. For differentiation, cells were stimulated

with M-CSF (20 ng/mL) for 48 h, followed by a 72-h stimulation of IL4 (40 ng/mL) and IL13 (40 ng/mL) for M2 polarization.

Mice experiments
Female NSG mice, 6–7 weeks of age, were injected intraperitoneally with either OVCAR8 (4x106 cell/mouse) or SKOV3 (5x106 cells/

mouse) EmGFP-luc cells or the corresponding GPAA1 KO EmGFP-luc sublines. Similarly, C57BL/6J mice were implanted with lucif-

erase expressing syngeneic BPPNM cells (4x106 cells/mouse). Tumors were analyzed using bioluminescence imaging beginning

7 days post-engraftment and continuing every 7 days until day 28. Mice were injected intraperitoneally with luciferin at 140 mg/kg

inPBSand imageswereacquired10min later usingan IVISSpectrumCT In Vivo ImagingSystem.Total fluxwasquantifiedusingLiving

Image 4.0 software. For survival analysis, deaths were recorded as instances when the tumor burden reached 10 cm of abdominal

circumference and/or the body condition scoring values dropped below the threshold specified in our IACUC protocols.

For bestatin treatment, 5x106OVCAR8 or SKOV3 cells were implanted in the peritoneal cavity ofmice as described above (n = 5 per

group), and 7 days later bestatin (100 mg/kg) was administered daily by intraperitoneal injection for 4 weeks. Tumors were analyzed

by in vivo bioluminescence imaging as described above. For the drug combination experiment, 5x106 OVCAR8/EmGFP-luc cells

were mixed with Matrigel in a 1:1 volume and were implanted subcutaneously in the right flank of NSG mice (n = 5 per group).

When tumors reached �100–150 mm3, mice were treated with either vehicle control (0.9% saline), bestatin (100 mg/kg twice daily

by oral gavage), docetaxel (5 mg/kg per week by tail vein injection) or a combination of both bestatin and docetaxel for 28 days. Tu-

mors were measured every week using digital calipers and tumor volumes were calculated using the formula (V = ½ (Length 3

Width2). Differences between control and treated groups were determined using the two-way ANOVA followed by Turkey’s multiple

comparison test.

Macrophage depletion
Formacrophage depletion experiments, 200 mL of clodronate liposomeswere administered intraperitoneally every 4 days for 16 days

before tumor implantation, followed by an injection of 100 mL of clodronate liposomes every 4 days. Depletion of macrophages was

verified by flow cytometry analysis of peritoneal fluid using an APC anti-mouse F4/80 antibody.
24 Cell Reports 43, 114041, April 23, 2024
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In vivo phagocytosis assay
An in vivo phagocytosis assay was performed as described previously.10 Briefly, the peritoneal fluid was harvested from mice that

were implanted with EmGFP+ ovarian cancer cells as described above. Cells were blocked using TruStain FcX (anti-mouse

CD16/32 antibody for 10 min at room temperature and then stained with an APC anti-mouse F4/80 antibody for 30 min on ice in

the dark. The percentage of cells undergoing phagocytosis was calculated as the percentage of F4/80+ EmGFP+ double-positive

cells in the population.

Immunophenotyping of tumors
Omental tumors harvested from C57BL/6 mice were minced and dissociated using the Human Tumor Dissociation Kit from Miltenyi

Biotec, following the manufacturer’s instructions. Single cell suspensions were filtered, and cells were subsequently resuspended in

FACS buffer. Cells were stained with anti-mouse; CD45-Pac-Blue, CD3-PE, and CD8-APC antibodies and analyzed by flow cytom-

etry. DAPI was used for viability assessment.

Immunohistochemistry
Tumor samples were collected frommouse xenografts, preserved in 10% buffered formalin phosphate overnight, and subsequently

embedded in paraffin. Blocks were sliced into 5 mmsections slides and stainedwith an anti-CD8a antibody (at a 1:100 ratio). Morpho-

logical examinations were performed at the UMass Chan Medical School Morphology Core Facility.

Cell viability and proliferation assays
Ovarian cancer cells were transduced with a lentivirus expressing non-silencing (NS) or CD24 shRNA and analyzed for cell prolifer-

ation using PrestoBlue Cell Viability Reagent as per themanufacturer’s instructions, and relative cell growthwas determined. Relative

cell viability of OVCAR8 or SKOV3 cells treatedwith either DMSOor bestatin (10 or 50mM)was determined using a PrestoBlue assay.

For crystal violet staining, OVCAR8, OVCAR3, or SKOV3 cells (1 X104) were seeded in a 6-well plate and cultured for 5–6 days. Cells

were washedwith PBS and fixed using 1mL of 4%paraformaldehyde for 20min at room temperature. Following two rinseswith PBS,

the cells were stainedwith 0.5mL of 0.1%crystal violet solution (in 10%ethanol) for 20min. The cells were rinsed twice with PBS, and

the plate was scanned.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical tests used to analyze each set of experimental data are indicated in the figure legends. Datawere analyzed using a two-

tailed unpaired Student’s t-test to compare between two groups, one-way analysis of variance (ANOVA) for multiple comparisons,

and two-way ANOVA for studies with multiple parameters. Data are presented as mean ± SD or ±SEM, and sample numbers

(n) are indicated in the figure legends. All statistical analyses were performed usingGraphPad Prism 9.0, and p < 0.05was considered

statistically significant.
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