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Abstract 
HSP90 is secreted by cancer cells into the extracellular milieu, where it exerts protumoral activities 

by activating extracellular substrate proteins and triggering autocrine signals through cancer cell 

surface receptors. Emerging evidence indicates that HSP90 co-chaperones are also secreted and 

may direct HSP90 extracellular activities. In this study, we found that the HSP90 co-chaperone 

Morgana is released by cancer cells and, in association with HSP90, induces cancer cell migration 

through TLR2, TLR4, and LRP1. In syngeneic cancer mouse models, a mAb targeting Morgana 

extracellular activity reduced primary tumor growth via macrophage-dependent recruitment of 

CD8+ T lymphocytes, blocked cancer cell migration, and inhibited metastatic spreading. Overall, 

these data define Morgana as a new player in the HSP90 extracellular interactome and suggest 

that Morgana may regulate HSP90 activity to promote cancer cell migration and suppress 

antitumor immunity. 

Significance: 

This work suggests the potential therapeutic value of targeting the extracellular HSP90 co-

chaperone Morgana to inhibit metastasis formation and enhance the CD8+ T-cell–mediated 

antitumor immune response. 

mailto:mara.brancaccio@unito.it
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Introduction 
Cancer cells can survive in a stressful environment by adapting to hypoxia, starvation, and hostile 

physicochemical conditions that are able to induce proteotoxic stress. Indeed, cancer cells 

overexpress and are addicted to chaperone proteins (1, 2). HSP90 is an essential and ubiquitous 

chaperone with multiple intracellular roles, ranging from protein folding, buffering protein 

denaturation, and assisting signal transduction protein conformational changes (3). HSP90 binds 

as a dimer to substrate proteins, called HSP90 clients, promoting modifications in their structure in 

an ATP-dependent manner (3). A number of cofactors, called co-chaperones, regulates HSP90 

conformational changes and enzymatic activity and helps recruiting specific client proteins (3). For 

its crucial function in sustaining cancer cell survival and expansion (2), HSP90 has long been 

regarded as an attractive target for cancer treatment, but no HSP90 inhibitor has so far been 

approved for therapeutic use, due to severe adverse effects (4). HSP90 can localize at the plasma 

membrane in cancer cells and may regulate membrane properties, formation of membrane 

microdomains, and intracellular signaling (5, 6). Notably, HSP90 can be secreted by a wide 

number of cancer cell lines and human tumors (7) and it has been recognized as an early and 

accurate pan cancer biomarker in the plasma of patients with cancer (8, 9). From the extracellular 

milieu, HSP90 exerts a protumoral activity with a dual mechanism. On one hand, it modifies the 

tumor microenvironment by chaperoning and activating-specific extracellular client proteins, such 

as metalloproteinases (MMP; 10–13), fibronectin (14), the pro-form of tissue plasminogen activator 

(15) and lysil oxidase-like protein 2 (16). On the other hand, extracellular HSP90 (eHSP90) binds 

to several cancer cell surface receptors, among them the Low-density lipoprotein receptor–related 

protein-1 (LRP1, also known as CD91) and toll-like receptors (TLR) 2 and 4 (1). This binding 

unleashes signal transduction pathways promoting cancer cell survival, epithelial-to-mesenchymal 

transition, cell migration, and invasion (17–22). Of note, therapeutic approaches targeting eHSP90 

have proven effective in preclinical models (23–25), underscoring the importance of deepening the 

study of eHSP90 functions, refining, and expanding the repertoire of strategies to modulate its 

action. 

Morgana is an HSP90 co-chaperone protein encoded by the CHORDC1 gene, belonging to the 

family of CHORD (cysteine- and histidine-rich domains) containing proteins (26–28). Besides 

CHORD domains, Morgana possesses a C-terminal CS (CHORD and Sgt1 containing) domain 

(26), homologous to the small chaperones α-crystallin and p23 (29). Morgana displays a high 

degree of phylogenetic conservation, from plants to mammals, and is essential for mouse and 

Drosophila development (30). Inside the cell, Morgana binds to HSP90 (27, 28, 31, 32) and 

regulates different signal transduction pathways. Inhibiting Rho kinases (30, 33) and activating 

AKT (33) and NF-κB (34), Morgana prevents centrosome overduplication and promotes cell 
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survival. In cancer, Morgana plays both oncogenic and oncosuppressive roles, depending on the 

cellular context. Although Morgana haploinsufficiency in mice causes a myeloproliferative 

neoplasm similar to chronic myeloid leukemia (35), its overexpression in breast cancer correlates 

with tumor aggressiveness and poor prognosis (33, 34). In other tumor types, the impact of 

Morgana is still unclear; however, TCGA dataset analysis indicates that Morgana expression levels 

correlate with poor prognosis and worse clinical parameters in several human tumors, including 

kidney renal carcinoma, breast invasive carcinoma, lung cancer, and melanoma. 

Here, we found that Morgana is secreted by cancer cells through an unconventional pathway and 

that extracellular Morgana (eMorgana) induces cancer cell migration in an HSP90-dependent 

manner, via TLR2, TLR4, and LRP1. To specifically block Morgana extracellular protumorigenic 

function, we generated and characterized an anti-Morgana mAb (mAb 5B11B3) that is able to 

interfere with cancer cell migration. In vivo, mAb 5B11B3 was able to inhibit primary tumor growth 

by promoting anticancer immunity, as well as to blunt the ability of cancer cells to form metastasis 

in preclinical cancer models. 

 

Materials and Methods 
Cell culture 
Cell lines MCF10A, MCF7, BT549, MDA-MB-231, 4T1, and CT26 were purchased from the ATCC 

and E0771 were obtained from Tebu-Bio. All cells were maintained below passage number 20. 

Cells were routinely tested for Mycoplasma contamination. 

Conditioned medium 
A total of 2 × 106 cells were plated in a 100-mm dish and allowed to settle for 24 hours. Cells were 

then refed with 10 mL serum-free medium and 1% MEM Non-Essential Amino Acids Solution 

(Thermo Fisher Scientific, ×100) and incubated for 48 hours at 37°C. Conditioned medium (CM) 

was collected and concentrated at 2,000 × g by centrifugation with Vivaspin 20 centrifugal 

concentrator MWCO10,000 Da (Sigma-Aldrich) up to 1 mL. For immunoprecipitation, 1 mL of CM 

was incubated with 5 μg of antibody or control IgG. 10 μg mL–1 of Brefeldin A was added to the cell 

medium for 5 hours, and then CM and cell total extract were analyzed by Western blotting. 

Uncropped images of blots are shown in Supplementary Fig. S7. 

Western blotting 
For Western blot analysis, cells were lysed in TBS with 1% Triton X-100, plus phosphatase and 

protease inhibitors. Total protein extracts (30–50 μg) or concentrated CM (50 μL) were analyzed by 

Western blotting and detected by the chemiluminescent reagent LiteAblot (Euro-clone). 
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Coimmunoprecipitation experiments 
Total protein extracts (500 μg) or CM (200 μg) were incubated overnight at 4°C with 5 μg of 

primary antibodies, then protein G-coated sepharose was added for 45 minutes (GE Healthcare). 

Beads were washed 10 times in lysis buffer for total extract or TBS 10% glycerol for 

immunoprecipitations from CM and resuspended in laemmli buffer. 

Coimmunoprecipitation of HSP90 and rMorgana from cancer cell surface were performed as 

follows: MDA-MB-231 shMorg cells were treated with 0.1 μmol/L of mbp or rMorgana (2 hours, 

4°C), crosslinked with DTSSP (1 mmol/L, 2 hours, 4°C) and lysed with CHAPS buffer (1% CHAPS, 

120 mmol/L NaCl, 2 mmol/L EDTA). Lysates were subjected to immunoprecipitation as described 

above. 

Pull down assay 
For TLR2 pull down experiments, amylose resin (New England Biolabs) was incubated with 10 μg 

of mbp or mbp-Morgana (rMorgana) recombinant proteins for 1 hour at 4°C. Then 0.3 μg of TLR2 

recombinant protein (R&D Systems, 2616-TR-050) was added and incubated 2 hours at 4°C. 

Beads with bound proteins were washed 10 times with TBS 1% Triton X-100, eluted in SDS 

sample buffer and resolved by SDS-PAGE on gradient gels. 

For LRP1 pull down experiments, Protein A/G agarose beads (Santa Cruz Biotechnology) were 

incubated with 2.5 μg of LRP1 recombinant protein (R&D Systems, 5395-L4–050) for 1 hour at 

4°C. Then 0.5 μg of mbp or mbp-Morgana recombinant proteins were diluted in MDA-MB-231 CM 

or in unconditioned DMEM, added to the beads and incubated for 2 hours at 4°C. Beads with 

bound proteins were washed ten times with TBS 1% Triton X-100, eluted in SDS sample buffer 

and resolved by SDS-PAGE on gradient gels. 

Wound-healing assay 
MDA-MB-231, BT549, CALU-1, E0771, 4T1, and CT26 cells were cultured in 6-well plates. When 

90% confluent, cells were starved 24 hours. Then, a wound was scratched in the center of the cell 

monolayer by a sterile plastic pipette tip. Serum-free medium plus 1% MEM non-essential amino 

acids solution (Thermo Fisher Scientific, ×100) was placed in each well with either the vehicle 

control PBS, 0.1 μmol/L recombinant mbp protein or 0.1 μmol/L recombinant mbp-Morgana protein 

(rMorgana), in combination or not with the neutralizing antibody against TLR2 (30 ng mL–1), TLR4 

(100 ng mL–1), TLR5 (100 ng mL–1), HSP90 (100 ng mL–1), HER2 (1 μg mL–1), EGFR (1 μmol/L) or 

with 17AAG (1 μmol/L) following the manufacturer's instructions. Antibodies against Morgana and 

antibodies against mbp were used at 15 μg mL–1 (when not specified). The image of the wound 

was captured at time 0 and after 24 hours using live-cell imaging microscopy (Carl Zeiss). The 

percentage of wound closure was calculated using Axio Vision program or ImageJ with Wound-
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Healing Size Tool. Representative images of wound-healing experiments are shown in 

Supplementary Fig. S6. 

Immunofluorescence 
GFP shMorg cells (30 × 103) were cultured in 24-well plates. After 24 hours, cells were treated with 

mbp or mbp-Morgana (0.1 μmol/L) in serum-free medium for 24 hours. Cells were fixed with PFA 

4% and saturated with PBS 1% BSA. A primary antibody against mbp (1 h RT) was used to stain 

recombinant proteins on the cell membrane without permeabilization. Secondary antibody was 

added and DAPI staining was performed. Glasses were analyzed with Z-stack using a confocal 

microscope (Leica SP8). 

Antibody characterization 
To characterize the mAb 5B11B3, Pierce Rapid Isotyping kit mouse (Thermo Fisher) and IsoQuick 

Kits for Mouse Monoclonal Isotyping (Sigma) were used, following the manufacturer's instructions. 

mAb sequencing was performed by GenScript Biotech (the Netherlands). The mRNA was isolated 

from hybridoma cells with TRIzol Reagent and retrotranscribed to cDNA using anti-sense primers 

or universal primers for isotypes following the technical manual of FirstScript 1st Strand kit. 

Regions codifying antibody fragments VH, VL, CH e CL were amplified and cloned in a standard 

sequencing vector. For each fragment, a minimum of five independent clones were sequenced and 

then these sequences were aligned to get the final sequence report with CDR region annotated. 

ELISA assay 
Recombinant human or mouse mbp-Morgana (15 μg mL–1 in 100 μL) were used to coat a 96-well 

plate at 4°C overnight. After washing 3 times with PBS, saturation was performed with PBS 3% 

BSA for 1 hour at room temperature. After washing 3 times with PBS, serial dilutions of the primary 

antibody (5B11B3 or control IgG in PBS 1% BSA) from 10 μg mL–1 to 0, were added to the plate for 

1 hour at room temperature. After washing 3 times with PBS, secondary antibody horseradish 

peroxidase anti-Mouse IgG in PBS (Sigma, A4416, 1:4,000) was used for 1 hour at room 

temperature and reveled with 3,3′,5,5′-Tetramethylbenzidine (TMB, Sigma, T0440). The reaction 

was blocked with HCl (40%) and absorbance measured at 450 nm. 

Blood analysis 
C57BL/6 and BALB/c mice were injected intravenously with 100 μg of the mAb 5B11B3 or control 

IgG, 3 times per week. After 1 month, animals were sacrificed, and blood collected for the analysis. 

In vivo tumor and metastasis assays 

Mouse model to study circulating tumor cells 
MDA-MB-231 human breast cancer cells injected subcutaneously in immunodeficient NOD-SCID 

IL2Rgnull (NSG) mice (Fig. 2J). 
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A total of 1 × 106 MDA-MB-231 cells infected with a lentivirus carrying GFP were inoculated 

subcutaneously in 7-week-old female immunodeficient NSG mice. After tumor growth (25 mm3), 

animals were treated with vehicle (PBS), recombinant mbp (100 μg), recombinant mbp-Chord (N-

terminal Morgana domain; 100 μg) or recombinant mbp-Morgana protein (100 μg) in PBS. Animals 

were treated four times and after 24 hours from the last injection, mice were sacrificed, and the 

blood was collected in heparin. After lysis of red blood cells, blood samples were analyzed by flow 

cytometry for GFP-positive cells. Flow cytometry analyzes were carried out on a BD Celesta 

(Becton Dickinson). 

Mouse model for experimental metastasis assay 
MDA-MB-231 human breast cancer cells injected subcutaneously in immunodeficient NSG mice 

(Fig. 3D). 

 

Experimental metastasis assay was performed by injecting 5 × 105 MDA-MB-231 cells (empty or 

downregulated for Morgana) into the tail vein of 7-week-old female immunodeficient NSG mice. 

After 4 days, animals were treated with mAb 5B11B3 or control IgG (100 μg, intravenous injection, 

4 treatments each other day) or PBS. After 19 days mice were sacrificed and lungs collected were 

formalin-fixed and paraffin-embedded (FFPE), sectioned, and stained with hematoxylin and eosin 

(H&E). Metastases were evaluated with an Olympus BH2 microscope, on the entire lungs section. 

Metastatic burden was evaluated as the percentage of lung metastatic area using ImageJ Software 

(Universal Imaging Corporation). 

Mouse model for spontaneous metastasis assays 
4T1 mouse breast cancer cells injected in BALB/c mice (Supplementary Fig. S3N). 

A total of 2 × 105 4T1 cells infected with a lentivirus carrying GFP were inoculated subcutaneously 

in syngeneic BALB/c mice. After tumor growth (120 mm3), animals were treated with intratumor 

injections of recombinant mbp (100 μg), or recombinant mbp-Morgana (100 μg) in PBS. Animals 

were treated four times (2 times a week), and after 24 hours from the last injection, mice were 

sacrificed and lungs collected. Metastases were evaluated with an Olympus BH2 microscope, on 

the entire lungs section. Metastatic burden was evaluated as the percentage of lung metastatic 

area using ImageJ Software (Universal Imaging Corporation). 

Mouse models for preventive treatment 
E0771 mouse breast cancer cells injected subcutaneously in C57BL/6 mice and 4T1 breast cancer 

cells injected subcutaneously in BALB/c mice for spontaneous metastasis assays (Fig. 3H; 

Supplementary Fig. S3P). 
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A total of 2 × 105 E0771 (empty or downregulated for Morgana) and 1 × 105 4T1 cells were 

inoculated subcutaneously in syngeneic C57BL/6 and BALB/c mice. After 1 day, mice were treated 

with mAb 5B11B3 or control IgG (100 μg, intravenous injection, 3 times per week). Animals were 

sacrificed after 20 and 15 days, respectively, and tumors collected for weight measurement. 

Mouse models for therapeutic treatment 
E0771 mouse breast cancer cells injected subcutaneously in C57BL/6 mice and CT26 mouse 

colon cancer cells injected subcutaneously in BALB/c mice (Fig. 3I–L). 

For the therapeutic experiment, E0771 (2 × 105) and CT26 (2 × 105) were subcutaneously injected 

in syngeneic C57BL/6 and BALB/c mice, respectively, and after primary tumor development (size 

around 15 mm3), animals were treated with mAb 5B11B3 or control IgG (100 μg, intravenous 

injection, 3 times per week) measuring tumor volume during the entire experiment. Animals were 

sacrificed (at 40 and 25 days, respectively) and tumors collected for weight measurement. For the 

assessment of metastasis, organs were FFPE, sectioned, and stained with H&E. Metastases were 

evaluated with an Olympus BH2 microscope. 

Mouse model to study the efficacy of mAb 5B11B3 in inhibiting metastasis formation 
MDA-MB-231 human breast cancer cells injected subcutaneously in NSG mice (Fig. 4C and D). 

A total of 1 × 106 MDA-MB-231 cells were inoculated subcutaneously in 7-week-old female 

immunodeficient NSG mice and, after 20 days, animals were treated with mAb 5B11B3 or control 

IgG (100 μg by intravenous injection, 2 times per week). After 24 days, mice were sacrificed, and 

tumors weighted. 

Mouse models to study immune cell recruitment in the tumor 
E0771 mouse breast cancer cells injected subcutaneously in C57BL/6 mice and CT26 mouse 

colon cancer cells injected subcutaneously in BALB/c mice (Fig. 4E and F; Supplementary Fig. 

S4F–S4L; Fig. 5A–D; Supplementary Fig. S5A–S5F and S5J–S5K). 

 

E0771 (2 × 105) and CT26 (2 × 105) were subcutaneously injected in syngeneic C57BL/6 and 

BALB/c mice, respectively, and after primary tumor development (size around 15 mm3), animals 

were treated with mAb 5B11B3 or control IgG or in some experiments with 5B11B3 Fab or IgG Fab 

(100 μg, intravenous injection) 1 or 3 times and then were sacrificed. Tumors were weighted and 

the immune composition was analyzed by flow cytometry. 

Mouse models to study the role of macrophages 
E0771 mouse breast cancer cells injected subcutaneously in C57BL/6 and CT26 mouse colon 

cancer cells injected subcutaneously in BALB/c mice (Fig. 5E–I; Supplementary S5G–S5I). 
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For macrophage depletion in vivo, E0771 (2 × 105) and CT26 (2 × 105) were subcutaneously 

injected in syngeneic C57BL/6 mice and BALB/c mice, respectively. After primary tumor 

development (size around 15 mm3), animals were treated with clodronate liposomes in PBS 

(Liposoma, CP-010–010) 100 μg per 10 gr/mouse. After 4 days, mice were treated with mAb 

5B11B3 or control IgG (100 μg, tail vein injection) 3 times and then were sacrificed. Tumors were 

weighted and the immune composition was analyzed by flow cytometry. Otherwise, after primary 

tumor development (size around 15 mm3), animals were treated with clodronate liposomes in PBS 

(Liposoma, CP-010–010) 100 μg per 10 gr/mouse. After 3 days, mice were treated with mAb 

5B11B3 or control IgG (100 μg, tail vein injection, 3 times per week) measuring tumor volume 

during the entire experiment. Animals were sacrificed at 18 days and tumors collected for weight 

measurement. For the assessment of metastasis, organs were FFPE, sectioned, and stained with 

H&E. Metastatic burden was evaluated. 

A detailed sketch of each experiment is provided in each figure. 

Murine bone marrow macrophages 
Bone marrow from wild-type C57BL/6 mice was harvested from freshly isolated femurs, tibiae, and 

humeri. After removal of connective tissues and muscles, bone marrow was flushed, and single-

cell suspensions were made by passing bone marrow through a sterile 70 μmol/L filter (BD 

Falcon). Macrophages were differentiated by incubating bone marrow cells for 7 days with 

complete RPMI, supplemented with 15% L929-CM (containing M-CSF). Macrophages were 

harvested after incubation with PBS 5 mmol/L EDTA. Macrophages were seeded in 6-mm dishes 

for live-cell imaging or on glasses in 24-well plates for analysis under fluorescence microscope. 

Coculturing experiments 

ADPh assay 
Macrophages and E0771 cancer cells were, respectively, labeled with 5 μmol/L CellTracker 

Orange Dye or CellTracker Green CMFDA Dye (Thermo Fisher) following the manufacturer's 

protocol. Cells were cocultured in an effector to target ratio (E:T) of 4:1 with mAb 5B11B3 or 

control IgG (10 μg). Cells were fixed at different time points, cell nuclei marked with DAPI and 

analyzed using fluorescence microscope Apotome (Zeiss). For live-cell imaging, macrophages and 

cancer cells (E0771 or CT26) were cocultured in an E:T ratio of 4:1 with mAb 5B11B3 or control 

IgG (10 μg) and followed in bright field for 24 hours. 

ADCC assay 
NK cells were preactivated by gavage of 200-μg Tilorone (Sigma-Aldrich) in WT C57BL/6 mice 24 

hours before the harvest of splenocytes. Mice were sacrificed and splenocytes were isolated. 

E0771 were labeled with 2 μmol/L CellTrace CFSE (Thermo Fisher) and plated 5 × 103 cells per 

well in 96-well plates. Splenocytes were plated in the same wells using 3 different E:T ratios (50:1, 
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100:1, and 200:1) in presence of the mAb 5B11B3 or control IgG (10 μg). After 16 hours, lived 

E0771 cells from each well were collected and analyzed by flow cytometry. 

Fab preparation 
Pierce Fab Preparation Kit (Thermo Fisher) was used to purify Fab fragments of mAb 5B11B3 and 

control IgG. E0771 (2 × 105) and CT26 (2 × 105) were, respectively, subcutaneously injected in 

syngeneic C57BL/6 mice and BALB/c mice, and after primary tumor development (size around 15 

mm3), animals were treated with mAb 5B11B3, control IgG, Fab 5B11B3 or Fab control IgG (100 

μg, tail vein injection) 1 time and then were sacrificed. Tumors were weighted and the immune 

composition was analyzed by flow cytometry in both E0771 and CT26 models. 

Statistical analysis 
The data are presented as means ± SEM. For statistical analyzes, significance was tested using 

the Student t test, one-way ANOVA, and two-way ANOVA with Fisher LSD or Bonferroni post hoc 

test. A minimum value of P < 0.05 was considered statistically significant. Statistical analyzes were 

performed using GraphPad Prism 8. 

Animal welfare 
Mice were kept in pathogen-free conditions in the animal facility of the Molecular Biotechnology 

Center (University of Turin) under a 12-hour light/dark cycle, 55% ± 5% humidity, temperature 

23°C ± 2°C, and provided with food and water ad libitum. Experiments with mice were carried out 

in accordance with the ethical guidelines of the European Communities Council Directive 

(2010/63/EU). Experimental approval was obtained from the Italian Health Ministry (540/2018-PR). 

 

Results 
Cancer cells secrete Morgana through unconventional pathways 
The Cancer Cell Secretome database (36), collecting data from up to 35 high-throughput studies 

on 17 cancer types, highlights that the HSP90 co-chaperone Morgana can be detected in the CM 

of a number of cancer cell lines, including breast, lung, and colon cancer cells (Supplementary Fig. 

S1A). We confirmed the presence of Morgana in the medium of several human breast cancer cells 

(MDA-MB-231, BT549, HCC1937, MDA-MB-468), whereas a much lower amount was detected in 

the CM of noncancerous breast cells (MCF10; Fig. 1A). Similar results were obtained analyzing the 

CM of several lung cancer cells (Supplementary Fig. S1B). 

We chose the widely used MDA-MB-231 and BT549 breast cancer cell lines to better characterize 

Morgana secretion. Other cytoplasmic proteins were absent from the extracellular media, ruling out 

the possibility of cytoplasmic content release due to cell damage. Besides HSP90, other Morgana 
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cytoplasmic interactors, such as IKKα, IKKβ, IκBα, and ROCK I, were undetectable in the CM (Fig. 

1B). As demonstrated by immunoprecipitation experiments performed on MDA-MB-231 (Fig. 1C) 

and BT549 (Supplementary Fig. S1C) CM, Morgana interacts with HSP90 also in the extracellular 

milieu. Morgana is not secreted as a passive HSP90 passenger, because the downregulation of 

HSP90α, the main secreted isoform, did not affect Morgana release (Fig. 1D). HSP90 is mainly 

exported on the surface of exosomes (37) and, recently, Morgana has been found to be required 

for extracellular vesicle secretion (38). However, Morgana is not essential for HSP90 release, as 

demonstrated by its presence in the CM of MDA-MB-231 cells downregulated for Morgana (Fig. 

1B; Supplementary Fig. S1D). Like other secreted chaperone proteins, Morgana lacks a signal 

peptide required for translocation into the endoplasmic reticulum. Accordingly, Brefeldin A, an 

inhibitor of the canonical ER–Golgi pathway, did not inhibit the secretion of Morgana and other 

chaperones, but it impaired the release of proteins endowed with a signal peptide, like MMP9, 

fibronectin, and laminin (Fig. 1E; Supplementary Fig. S1E). Of note, eMorgana and eHSP90 could 

be immunoprecipitated from CM without using detergents, indicating that at least a pool of these 

proteins is not incorporated into vesicles (Fig. 1C; Supplementary Fig. S1C). 

Extracellular Morgana induces cancer cell migration through TLR2 and 4 and LRP1 
Extracellular chaperones may act promoting cancer cell migration (6). In agreement, shRNA-

mediated downregulation of Morgana reduces MDA-MB-231 and BT549 breast cancer cell 

migration (Fig. 2A; Supplementary Fig. S2A), without affecting proliferation (34). Cell migration was 

completely rescued by the addition in the medium of a recombinant Morgana fused to the maltose 

binding protein (rMorgana), whereas the maltose-binding protein (mbp) alone showed no effect 

(Fig. 2A; Supplementary Fig. S2A). Neither the Morgana N-terminal moiety, containing the two 

CHORD domains (rChord), nor the C-terminal one, consisting of the CS domain (rCS), were able 

alone to recover cell migration in Morgana downregulated cells, indicating that the full-length 

protein is required (Supplementary Fig. S2B). It is worth noting that all recombinant proteins were 

produced endotoxin free (39), to avoid confounding results due to the presence of 

lipopolysaccharide from bacterial extracts. 

rMorgana-mediated rescue of cell migration was completely abolished by the addition of an 

eHSP90 blocking antibody (Fig. 2B; Supplementary Fig. S2C; ref. 40), suggesting that eMorgana 

acts mainly in association with eHSP90. The exogenously added rMorgana can be detected at the 

plasma membrane of breast cancer cells, forming multiple spots (Fig. 2C), suggesting a specific 

binding to cell surface receptors. This membrane-associated rMorgana can be co-

immunoprecipitated with HSP90 after exposing cells to chemical cell impermeable cross-linkers, 

indicating that rMorgana and eHSP90 are associated when bound to the cell surface 

(Supplementary Fig. S2D). LRP1, TLR2 and 4, EGFR, and HER2 have been extensively described 

as eHSP90 receptors involved in cancer cell migration (1). After evaluating their expression in 
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MDA-MB-231 and BT549 breast cancer cells (Fig. 2D), we tested a possible involvement of these 

receptors in eMorgana-induced cancer cell motility. Blocking antibodies against TLR2 and 4, but 

not against TLR5, EGFR, and HER2 (Fig. 2E; Supplementary Fig. S2E–S2G), completely inhibited 

the ability of the rMorgana to induce migration in Morgana-silenced MDA-MB-231 and BT549 cells. 

shRNA-mediated depletion of LRP1 (Supplementary Fig. S2H) was also able to fully inhibit the 

activity of the rMorgana (Fig. 2F). These results suggest that the engagement of multiple receptors 

at the same time or a functional cross-talk among them is needed to activate eMorgana-dependent 

signals. Interestingly, the ability of LRP1 to function as a cross-talk receptor for activated TLRs has 

been recently described (41). In support of our previous data, we performed pull-down assays 

demonstrating a direct interaction between Morgana and the extracellular portion of TLR2 (Fig. 

2G). Surface plasmon resonance analysis further demonstrated the direct association between 

TLR2 and Morgana, defining binding kinetics (KD = 1,243 10–5 mol/L; Fig. 2H; Supplementary Fig. 

S2I). However, we were not able to highlight a clear and specific interaction between Morgana and 

TLR4 extracellular domain. We also performed pull down experiments using a recombinant protein 

containing LRP1 complement-like repeat cluster II domain, known to be the target for most of 

LRP1 ligands. The results showed that Morgana binds to LRP1 cluster II domain only in presence 

of cancer cell CM (Fig. 2I; Supplementary Fig. S2J), suggesting that the interaction is mediated by 

additional components. 

To evaluate the relevance of eMorgana in inducing cancer cell migration in vivo, NSG mice 

carrying established MDA-MB-231–derived tumors were subjected to intratumor injections of 

rMorgana, rChord (N-terminal Morgana) or mbp as control. After 4 treatments, mice injected with 

rMorgana showed twice as many circulating tumor cells in their bloodstream than mice injected 

with rChord or mbp (Fig. 2J). This result indicates that, also in vivo, the full-length eMorgana is 

required to promote cancer cell migration. 

The treatment with an eMorgana-blocking antibody inhibits tumor growth and 

impairs metastasis formation 
In the attempt to interfere with eMorgana protumorigenic functions, we generated a mAb against 

eMorgana (mAb 5B11B3). mAb 5B11B3 specifically recognizes both mouse and human Morgana 

(sharing 96% identity in their amino acidic sequence) in ELISA (Supplementary Fig. S3A), Western 

blot (Supplementary Fig. S3B) and immunoprecipitation assays (Supplementary Fig. S3C). mAb 

5B11B3 is able to inhibit cancer cell migration in vitro in a dose-dependent manner, as tested in 

MDA-MB-231 (Fig. 3A) and BT549 (Supplementary Fig. S3D) breast cancer cell lines, as well as in 

the non–small cell lung cancer cell line CALU-1 (Supplementary Fig. S3E). Of note, the ability of 

mAb 5B11B3 to inhibit cancer cell migration was not further potentiated by the concomitant 

treatment with an eHSP90 blocking antibody or the cell permeable HSP90 inhibitor Tanespimycin 

(17AAG; Fig. 3B). We characterized mAb 5B11B3 as an IgG1 isotype with κ chain (Supplementary 
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Fig. S3F). The mAb recognizes amino acids 85–110 (25 amino acids out of 26 are conserved 

between human and mouse, Supplementary Fig. S3G) located in between the two Morgana Chord 

domains (Fig. 3C). The mAb 5B11B3 does not disrupt the association between Morgana and 

HSP90, as demonstrated by coimmunoprecipitation experiments (Supplementary Fig. S3H). mAb 

5B11B3 did not alter cancer cell viability and proliferation in vitro (Supplementary Fig. S3I and 

S3J). Injection of mAb 5B11B3 for 30 days did not affect liver, pancreas and kidney functions in 

C57BL/6 (Supplementary Fig. S3K) nor in BALB/c mice (Supplementary Fig. S3L), supporting the 

feasibility of in vivo treatments. 

As a first attempt to test the ability of mAb 5B11B3 to inhibit tumor cell migration, we took 

advantage of an experimental metastasis model in immunocompromised mice. The formation of 

metastasis in this assay mainly depends on the ability of cancer cells to survive in the blood 

stream, to migrate across the endothelial barrier and to proliferate in the secondary organ. NSG 

mice were injected intravenously with MDA-MB-231 or MDA-MB-231 downregulated for Morgana 

and treated twice a week (starting 4 days after cell inoculation) with mAb 5B11B3 or with a control 

antibody. mAb 5B11B3 treatment significantly lowered the lung metastatic burden in mice carrying 

MDA-MB-231-derived tumors, but not in mice inoculated with MDA-MB-231 cells downregulated 

for Morgana (Fig. 3D). Notably, downregulation of Morgana resulted in lower metastatic burden 

than in parental MDA-MB-231 cells, likely due to the role of intracellular Morgana in sustaining the 

NF-κB pathway, as previously demonstrated (34). 

Encouraged by this result, we moved to immunocompetent mouse models to further investigate the 

impact of Morgana on tumor progression. Analyzing the CM of different murine cancer cells, we 

found that Morgana is secreted at higher levels by E0771 (breast), LLC (lung), B16 (melanoma) 

and CT26 (colon) compared with 4T1 (breast) cells (Fig. 3E). We demonstrated that mAb 5B11B3 

affects cell migration in vitro in E0771 (Fig. 3F) and CT26 (Supplementary Fig. S3M), but not in 

4T1 cells (Fig. 3G). Moreover, injection of rMorgana in 4T1-derived tumors increases the lung 

metastatic burden in BALB/c mice (Supplementary Fig. S3N). 

E0771 cells were injected subcutaneously in C57BL/6 mice, followed by treatment with mAb 

5B11B3 or control IgG, starting from day 1 after the inoculum. After 20 days, we observed a robust 

reduction of primary tumor growth in mAb-treated animals (Fig. 3H). This effect depends on 

Morgana, because mAb 5B11B3 treatment failed to interfere with the growth of tumors derived 

from E0771 silenced for Morgana (Fig. 3H). Note that Morgana downregulation in mouse cancer 

cell lines does not impair cell proliferation in vitro (Supplementary Fig. S3O; ref. 34). To further 

investigate the presence of potential mAb 5B11B3 off-target activities leading to tumor growth 

impairment, we used the mouse model generated by subcutaneous injection of breast cancer 4T1 

cells, which express high Morgana levels but secrete much less eMorgana with respect to E0771 

cells (Fig. 3E). In this model, the treatment with mAb 5B11B3 does not reduce tumor volume 
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compared with control IgG treatment (Supplementary Fig. S3P), supporting the notion that 

eMorgana is the therapeutic target of mAb 5B11B3. 

To evaluate the therapeutic potential of mAb 5B11B3 treatment, we set up curative protocols in 

which treatments with mAb 5B11B3 or control IgG started when E0771-derived tumors became 

palpable and lasted for 4 weeks. The treatment with mAb 5B11B3 caused a significant inhibition of 

the primary tumor growth (Fig. 3I and J) and a decrease in lung metastasis (Fig. 3K). 

Similar results were obtained with CT26 colon cancer cells, which also secrete Morgana in the CM 

(Fig. 3E), suggesting that the same mechanism applies to distinct cancer types (Fig. 3L). 

The mAb 5B11B3 induces macrophage and CD8+ T lymphocyte recruitment in the 

primary tumor 
It is well known that antibodies, in addition to direct therapeutic activities, may promote immune-

mediated cancer cell killing (42). Because the treatment with mAb 5B11B3 does not affect cancer 

cell apoptosis and proliferation in vitro (Fig. 4A and B; Supplementary Fig. S4A–S4D) and does not 

reduce MDA-MB-231 tumor volume and weight in immunodeficient mice (Fig. 4C and D), we 

hypothesized that the immune system plays an active role in mAb 5B11B3 therapeutic activity. The 

fragment crystallizable region of antibodies (Fc region, FcR) may induce immune effector cell 

recruitment in the tumor and promote their anticancer activities, by binding specific receptors 

(FcRs; ref. 43). Some therapeutic antibodies trigger antibody-dependent cell-mediated cytotoxicity 

(ADCC), a mechanism by which FcR-bearing NK, macrophages and other effector cells recognize 

antibody-coated cells and kill them (42). ADCC in vitro assays showed that mAb 5B11B3 did not 

trigger significant cytotoxic activities in murine NK cells activated in vivo (Supplementary Fig. S4E). 

Consistently, after 24 hours from a single injection in mice of mAb 5B11B3 (100 μg), no differences 

were observed in the presence of NK cells in E0771 and CT26-derived subcutaneous tumors 

(Supplementary Fig. S4F–S4J). In these experimental conditions, macrophages were the only 

immune cells recruited into the tumor (Fig. 4E and F; Supplementary Fig. S4K and S4L), 

suggesting their involvement in mAb 5B11B3 anticancer activity. Macrophages express FcRs that 

can mediate the direct killing of cancer cells by antibody-dependent phagocytosis (ADPh; ref. 44). 

The injection of mAb 5B11B3 lacking the FcR (mAb 5B11B3 Fab fragments) in mice carrying 

palpable E0771 (Fig. 4E and F) and CT26-derived tumors (Supplementary Fig. S4K and S4L), was 

not effective in recruiting macrophages, indicating that macrophage recruitment is mediated by the 

Fc portion of the antibody. To investigate whether mAb 5B11B3 exerts its therapeutic activity 

through a macrophage-mediated mechanism, we performed co-culture experiments with E0771 

tumor cells and bone marrow–derived macrophages (BMDM). The presence of mAb 5B11B3, but 

not that of the control IgG, increased the ability of macrophages to interact with cancer cells (Fig. 

4G). Consistently, after 24 hours of co-culture, the number of E0771 cells was 4 times lower when 

mAb 5B11B3 was added to the culture (Fig. 4H). 
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Beside their ability to phagocyte cancer cells, activated macrophages may secrete cytokines able 

to engage and activate other immune cells with antitumor activity (45). To maximize responses, 

treatment with mAb 5B11B3 or control IgG was repeated 3 times in C57BL/6 mice injected 

subcutaneously with E0771 cells. In this condition, we found a significant increase in the 

percentage of CD8+ T lymphocytes compared with controls (Fig. 5A and B; Supplementary Fig. 

S5A). Next, we shifted to an orthotropic mouse model, by injecting E0771 in the mammary fat pad 

of C57BL/6 mice. In line with our previous results, CD8+ T lymphocytes doubled in the tumor when 

mice were treated with mAb 5B11B3, whereas the number of FOXP3+ T regulatory lymphocytes 

remained unchanged (Fig. 5C and D). Similar results were obtained by treating mice carrying 

CT26-derived tumors with mAb 5B11B3 (Supplementary Fig. S5B–S5D). Of note, downregulation 

of the Morgana antigen in tumors totally abolished the mAb 5B11B3-induced recruitment of CD8+ T 

lymphocytes (Supplementary Fig. S5E and S5F). 

Depletion of macrophages by clodronate liposome injection, abrogated CD8+ T lymphocyte 

recruitment in mAb 5B11B3-treated mice (Fig. 5E and F; Supplementary Fig. S5G–S5I), implying 

that their engagement depends on macrophages. To evaluate whether mAb 5B11B3-dependent 

immune cell recruitment impairs tumor growth, we monitored tumor volume in mice treated with 

mAb 5B11B3 and clodronate liposome injections (Fig. 5G). Macrophage depletion significantly 

affected the ability of mAb 5B11B3 to inhibit tumor growth (Fig. 5G and H, pink squares vs. green 

squares) and metastasis formation (Fig. 5I). 

 

In conclusion, we demonstrated that the co-chaperone Morgana is unconventionally secreted by 

several cancer cells and that, in complex with HSP90, promotes cancer cell migration via TLR2, 

TLR4, and LRP1. We generated a mAb that is able to block eMorgana extracellular function and to 

inhibit tumor growth by inducing ADPh and macrophage-dependent recruitment of CD8+ T 

lymphocytes in the tumor. 

 

Discussion 
When released by cancer cells, HSP90 may exert both oncosuppressive and oncogenic functions. 

On the one hand, HSP90 plays a role in presenting oncogenic antigens to antigen-presenting cells, 

increasing their ability to activate immune responses, promoting antitumor immunity (46). On the 

other hand, it promotes cancer cell survival, migration and invasion, by activating specific 

extracellular clients and by signaling through cancer cell receptors (1, 6). The molecular 

mechanisms by which eHSP90 plays these different functions and binds to different interactors are 

still unclear. Emerging evidence indicate that, also in the extracellular milieu, co-chaperones play a 
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crucial function in directing HSP90 activities. Indeed, some intracellular HSP90 co-chaperones, 

such as Aha1 (11), p23, Hop (12, 47), Cdc37 (48), and clusterin (21) are secreted by cancer cells 

and assist eHSP90. Aha1, p23, and Hop are involved in MMP2 activation (11, 12), Cdc37 in the 

regulation of the kinase receptors HER2 and EGFR (48) and clusterin in LRP1 stimulation (21). 

These indications suggest that cancer cells export a repertoire of co-chaperones that bind to 

eHSP90 and direct its association with extracellular clients and surface receptors, ultimately 

dictating its activity (1). Our results suggest that Morgana directs eHSP90 activity on TLR2, 4 and 

LRP1, promoting cancer cell migration. The fact that TLR2, TLR4, and LRP1 are all essential to 

unleash Morgana/HSP90-dependent signals is suggestive of a coordinated cross-talk among these 

receptors. Interestingly, the ability of LRP1 to function as a cross-talk receptor for activated TLRs 

and its requirement in triggering uncanonical signaling, have been recently highlighted (41). We 

found that Morgana binds directly to TLR2, whereas its interaction with LRP1 is likely mediated by 

a component of the cancer cell CM. The fact that HSP90 binds to both Morgana and LRP1 makes 

it a reasonable candidate for this role, however, further studies are required to prove this 

hypothesis. 

Although we confirmed the interaction between Morgana and TLR2 or LRP1, we were not able to 

measure a direct interaction with TLR4. This may depend on the fact that TLR4 require 

coreceptors to mediate the binding with its ligand (49) or that TLR4 is indirectly activated by TLR2 

and LRP1. Further studies are needed to define the signal transduction pathways involved in 

transducing Morgana/HSP90 signals, also in view of the fact that we could not detect the activation 

of canonical TLR signaling. 

Therapeutic approaches targeting eHSP90 have been used successfully in preclinical models (1, 

10, 23, 25). The use of a mAb against eHSP90α almost totally blocks the growth of breast cancer 

cells in mice when treatment is started concomitantly to cancer cell inoculation and significantly 

inhibits cancer expansion in a therapeutic setting (23). The idea to target extracellular HSP90 co-

chaperones in vivo is arising as a promising anticancer treatment, virtually able to block specific 

HSP90 extracellular functions (21). In the attempt to inhibit Morgana extracellular activity, we 

generated and selected a mAb against Morgana, able to impair cancer cell migration. In syngeneic 

mouse models, the antibody against Morgana significantly inhibited tumor growth, by breaking the 

immunosuppressive environment imposed by the tumor. Because we started treatments when 

tumors were still small (15 mm3), further studies are required to assess the efficacy of the 

treatment in more advanced stages of cancer growth. Nevertheless, our data indicate that mAb 

5B11B3 attracts and activates macrophages in the tumor microenvironment through its Fc portion. 

Activated macrophages exert a double anticancer activity by phagocyting cancer cells and 

secreting chemokines, which promote a second wave of leukocyte recruitment. Indeed, in 

response to mAb 5B11B3 treatment, we detected a macrophage-dependent increase in CD8+ T 
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lymphocytes in the tumor. Of note, there is not a clear identity in macrophage subpopulations 

recruited in response to mAb 5B11B3 treatment. In the CT26 mouse model, we highlighted a 

significant increase in the MHC II and CD206 double-positive macrophage population, whereas in 

the E0771 model different macrophage subtypes were involved. This is in line with recent findings, 

pointing to a complex spectrum of macrophage polarization in tumors, in which M1 and M2 

signatures seem to correlate instead of being alternative (50). Myeloid-derived suppressor cells 

(MDSC) are immature myeloid cells able to inhibit innate and adaptive immunity and favor tumor 

growth. We noticed that mAb 5B11B3 treatment in the breast cancer mouse model, but not in the 

colon cancer model, significantly decreased MDSCs in the primary tumor. This suggests that in 

addition to CD8+ T lymphocytes recruitment, in some contexts, mAb 5B11B3 may promote their 

function by inhibiting immunosuppressive signals. 

Overall, our data define Morgana as a new intriguing player in the HSP90 extracellular interactome 

and suggest that Morgana may drive HSP90 to promote cancer cell migration through TLRs and 

LRP1. These findings open a number of exciting questions related to the molecular mechanisms 

by which extracellular co-chaperones may force specific HSP90 structural conformations and how 

HSP90 may promote the activation of surface receptors. In this regard, our data suggest that 

HSP90 triggers a multireceptor cross-talk, resulting in an unconventional signaling. Finally, we 

demonstrated that targeting extracellular co-chaperones through therapeutic antibodies represents 

a successful approach able to block the extracellular chaperone protumorigenic activity and to 

activate the immune system against the tumor. 
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Figure 1 
 

 

Morgana is secreted by cancer cells through an uncanonical pathway. A, Western blot analysis of 

Morgana expression in the total extract (TE) and in conditioned medium (CM) of human breast 

normal and cancer cell lines. Extracellular HSP70 and HSP90 in the CM were used as positive 

controls and the Ponceau staining as loading control. Vinculin and GADPH were used as loading 

control in TE. B, Western blot analysis of TE and CM of MDA-MB-231 infected with an empty 

vector or with two different shRNAs against Morgana (shMorg1 and shMorg2). Proteins known to 

interact with Morgana in the cytoplasm (IκB, IKKα, IKKβ, and ROCKI) were not detectable in the 

CM. HSP90 and vinculin were used as positive and negative control, respectively. C, 

Coimmunoprecipitation experiments of Morgana and HSP90 from MDA-MB-231 TE and CM. 

Unrelated IgGs were used as control. D, TE and CM from MDA-MB-231 empty and silenced for 

HSP90 (shHSP90) were analyzed by Western blotting for the presence of Morgana. E, Western 

blot analysis of TE and CM of MDA-MB-231 cells treated with brefeldin A (BFA; 10 μg mL–1) for 5 

hours. Proteins secreted through the ER–Golgi pathway (MMP9, laminin, and fibronectin) were 

used as controls. Proteins known to be secreted through unconventional pathways (HSP70 and 

HSP90) were also analyzed. GAPDH was used as loading and negative control. 
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Figure 2 
 

 

Extracellular Morgana induces cancer cell migration through TLR2, TLR4, and LRP1 receptors. A, 

MDA-MB-231 empty and shMorg1/2 cells were treated or not with 0.1 μmol/L of mbp or mbp-

Morgana (rMorgana), wounded, and images were captured immediately and 24 hours later. Data 

are presented as median values ± SEM; n ≥ 3 experiments. One-way ANOVA tests with Bonferroni 

post hoc test were performed to obtain P values. B, MDA-MB-231 empty and shMorg1/2 cells were 

treated or not with 0.1 μmol/L of mbp or rMorgana in combination or not with a neutralizing 

antibody against HSP90 (100 ng mL–1). After wounding, images were captured immediately and 24 
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hours later. Data are presented as median values ± SEM; n ≥ 5 experiments. One-way ANOVA 

tests with Bonferroni post hoc test were performed to obtain P values. C, Immunofluorescence of 

MDA-MB-231 shMorg1 cells treated with mbp or rMorgana (0.1 μmol/L). Cells were not 

permeabilized and stained with an anti-mbp antibody (red) and nuclei were stained with DAPI 

(blue). White bars, 25 μm. D, The expression of EGFR, HER2, LRP1 (α and β subunits), TLR2, 

TLR4, and Morgana was analyzed by Western blot in MDA-MB-231 and BT549. E, MDA-MB-231 

shMorg1 cells treated with 0.1 μmol/L of mbp or rMorgana alone or in combination with a 

monoclonal antibody against TLR2 (30 ng mL–1), TLR4 (100 ng mL–1), TLR5 (100 ng mL–1) were 

wounded, and images were captured immediately and 24 hours after wounding. Data are 

presented as median values ± SEM; n ≥ 4 experiments. One-way ANOVA tests with Bonferroni 

post hoc test were performed to obtain P values. F, MDA-MB-231 empty, shMorg1/2, and silenced 

for both Morgana and LRP1 (shMorg1 shLrp1a and shMorg2 shLrp1b) were treated or not with 0.1 

μmol/L of mbp or rMorgana. After wounding, images were captured immediately and 24 hours 

later. Data are presented as median values ± SEM; n ≥ 4 experiments. One-way ANOVA tests with 

Bonferroni post hoc tests were performed to obtain P values. G, Pull down experiments showing 

the ability of rMorgana to bind directly to the extracellular portion of recombinant TLR2 (rTLR2). 

The interaction has been tested in unconditioned medium. H, Surface plasmon resonance analysis 

of Morgana–TLR2 interaction. Increasing concentrations of rMorgana were injected over a TLR2-

coated chip. Morgana binds to TLR2 with an equilibrium dissociation constant (KD) of 12.43 

μmol/L. Ka, association rate constant; M, molarity; s, seconds; Kd, dissociation rate constant; KD, 

equilibrium dissociation constant; Rmax, maximum response; RU, response units; χ2, average 

squared residual. I, Pull down experiments testing the ability of a recombinant protein containing 

the LRP1 cluster II domain (rLRP1) to interact with rMorgana. The interaction was tested in CM. J, 

NSG mice carrying MDA-MB-231–derived tumors (25 mm3) were subjected to intratumor injections 

of rMorgana, rChord (N-terminal Morgana), or mbp as control (100 μg/mouse/injection, every other 

day). The graph indicates the percentage of MDA-MB-231 GFP+ circulating tumor cells (CTC), in 

the blood of mice after four treatments. Data are presented as median values ± SEM; n ≥ 4 mice 

per group. One-way ANOVA tests with Bonferroni post hoc test were performed to obtain P values. 

*, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.0001. 
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Figure 3 
 

 

The anti-Morgana mAb 5B11B3 impairs tumor growth and metastasis formation. A, MDA-MB-231 

cells were treated with different antibodies against Morgana (10 μg mL–1), wounded, and images 

captured immediately and 24 hours after wounding. An anti-mbp antibody was used as control IgG. 

Data are presented as median values ± SEM; n ≥ 4 experiments. One-way ANOVA tests with 

Bonferroni post hoc test were performed to obtain P values. B, MDA-MB-231 cells were treated 
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with mAb 5B11B3 against Morgana or control IgG (15 μg mL–1) in combination or not with the 

inhibition of HSP90 (blocking mAb, 100 ng mL–1 or 17AAG, 1 μmol/L). Cells were wounded and 

images captured immediately and after 24 hours. Data are presented as median values ± SEM; n ≥ 

8 experiments. One-way ANOVA tests with Bonferroni post hoc test were performed to obtain P 

values. C, Different pieces of Morgana fused to gst were analyzed by Western blotting to identify 

the portion bound by the mAb 5B11B3. Gst was used as negative control. D, Lung metastatic 

burden of NSG mice injected intravenously with 5 × 105 MDA-MB-231 or MDA-MB-231 

downregulated for Morgana (shMorg) and treated with mAb 5B11B3 or IgG as control (100 μg, 

intravenous injection, twice a week, for a total of four treatments). Data are presented as median 

values ± SEM; n ≥ 3 lung lobes. One-way ANOVA tests with Bonferroni post hoc test were 

performed to obtain P values. E, Western blot analysis of Morgana, HSP90, and MMP9 on TE and 

CM of murine cancer cell lines. Vinculin and Ponceau staining were used as loading controls in TE 

and CM, respectively. F and G, E0771 (F) and 4T1 (G) cells were treated with mAb 5B11B3 or 

control IgG (15 μg mL–1), wounded, and images captured immediately and 24 hours after 

wounding. Data are presented as median values ± SEM; n ≥ 10 experiments for E0771 and n ≥ 6 

experiments for 4T1 cells. One-way ANOVA tests with Bonferroni post hoc test were performed to 

obtain P values. H, Tumor weight of C57BL/6 mice inoculated subcutaneously with 2 × 105 E0771 

or E0771 shMorg and treated with mAb 5B11B3 or with control IgG (100 μg, intravenous injection, 

three times per week). Animals were sacrificed after 20 days. Data are presented as median 

values ± SEM; n ≥ 3 mice per group. One-way ANOVA tests with Bonferroni post hoc test were 

performed to obtain P values. I–K, Tumor volume (I), tumor weight (J), and lung metastatic burden 

(K) of C57BL/6 mice inoculated subcutaneously with 2 × 105 E0771 cells and sacrificed at 42 days. 

After primary tumor development (size around 15 mm3), animals were treated with mAb 5B11B3 or 

control IgG (100 μg, intravenous injection, three times per week). Representative H&E-stained 

sections of mouse lungs are also shown; bar, 250 μm. I and J, n ≥ 4 mice. Two-way ANOVA tests 

with Bonferroni post hoc test and one-way ANOVA with Bonferroni post hoc test were performed to 

obtain P values, respectively. K, n ≥ 6 lung lobes. One-way ANOVA with the Fisher LSD test post 

hoc test was performed to obtain P values. L, Tumor volume of BALB/c mice inoculated 

subcutaneously with 2 × 105 CT26 and treated with mAb 5B11B3 or control IgG (100 μg, 

intravenous injection, three times per week). Animals were sacrificed after 25 days. n ≥ 3 mice. 

Two-way ANOVA test with the Bonferroni post hoc test was performed to obtain P values. *, P < 

0.05; **, P < 0.005; ****, P < 0.0001. 
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Figure 4 
 

 

mAb 5B11B3 recruits macrophages in the tumor. A and B, Apoptosis (A) and proliferation (B) of 

E0771 cells treated or not with mAb 5B11B3 or control IgG (15 μg mL–1). Data are presented as 

median values ± SEM; n ≥ 4 experiments. C and D, Tumor volume (C) and tumor weight (D) of 

NSG immunocompromised mice inoculated subcutaneously with 1 × 106 MDA-MB-231 cells and 

treated with mAb 5B11B3 or control IgG (100 μg, intravenous injection, three times per week). 

After 1 month, mice were sacrificed. Data are presented as median values ± SEM; n ≥ 6 mice per 

group. E and F, The percentages of immune cells (gated on CD45+ cells; E) and of macrophages 

(F) were assessed by flow cytometry in E0771-derived tumors (size around 15 mm3) from C57BL/6 

mice treated with mAb 5B11B3, IgG, 5B11B3 Fab, or IgG Fab once (100 μg, intravenous injection) 

and sacrificed 24 hours later. Data are presented as median values ± SEM; n ≥ 3 mice. One-way 

ANOVA test with the Fisher LSD test post hoc test was performed to obtain P values. G, 

Representative fluorescence images of cocultures of C57BL/6 BMDMs (Orange CMRA Dye) and 
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E0771 cells (Green CMFDA Dye) in an E:T ratio of 4:1 in presence of mAb 5B11B3 or control IgG 

(10 μg) at 30′ and 1 hour. DAPI was used to stain nuclei. White arrows indicate BMDMs in 

proximity to E0771 cells. The yellow arrow shows the presence of green spots inside a BMDM, 

probably the remains of a green tumor cell engulfed by the macrophage. White bar, 50 μm. H, 

ADPh: quantification of E0771 cancer cells after 24 hours of coculturing experiments with C57BL/6 

BMDMs (E:T ratio 4:1) in presence of 10 μg of mAb 5B11B3 or control IgG. Data are presented as 

median values ± SEM; n = 3 experiments. One-way ANOVA tests with Bonferroni post hoc test 

were performed to obtain P values. *, P < 0.05; **, P < 0.005; ****, P < 0.0001; ns, nonsignificant. 
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Figure 5 
 

 

mAb 5B11B3-recruited macrophages attract CD8+ T lymphocytes at the tumor site. A and B, 

Percentage of immune cells (gated on CD45+ cells; A) and percentage of CD8+ T lymphocytes (B) 

in tumors of C57BL/6 mice carrying E0771-derived tumors. After primary tumor development (size 

around 15 mm3), animals were treated with mAb 5B11B3, control IgG, or PBS three times (100 μg, 

intravenous injection) and sacrificed. Data are presented as median values ± SEM; n = 6 mice per 

group. One-way ANOVA test with Fisher LSD test post hoc test was performed to obtain P values. 

C and D, Percentage of immune cells (gated on CD45+ cells; C) and percentage of Treg FOXP3+, 
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CD8+ T lymphocytes and ratio of CD8+ T lymphocytes/Treg FOXP3+ (D) in E0771-derived fat pad 

tumors. After fat pad tumor development, animals were treated with mAb 5B11B3, control IgG, or 

PBS three times (100 μg, intravenous injection) and sacrificed. Data are presented as median 

values ± SEM; n ≥ 3 mice per group. One-way ANOVA test with Fisher LSD test post hoc test was 

performed to obtain P values. E and F, Percentage of immune cells (gated on CD45+ cells; E) and 

percentage of CD8+ T lymphocytes (F) in E0771-derived tumors. After primary tumor development 

(size around 15 mm3), animals were treated with clodronate liposomes (lipo) in PBS (100 μg per 10 

gr/mouse) and after 4 days, mice were treated with mAb 5B11B3 or IgG (100 μg, intravenous 

injection, every other day) three times and sacrificed. Data are presented as median values ± 

SEM; n ≥ 3 mice per group. One-way ANOVA test with Fisher LSD test post hoc test was 

performed to obtain P values. G–I, Tumor volume, tumor weight (H), and lung metastatic burden (I) 
of C57BL/6 mice inoculated subcutaneously with 2 × 105 E0771 cells and sacrificed at 35 days. At 

15 days, animals were treated or not with clodronate liposomes (lipo) in PBS (100 μg per 10 

gr/mouse) and at 17 days (primary tumor size around 15 mm3), mice were treated with mAb 

5B11B3 or IgG (100 μg, intravenous injection, three times per week). Photos of tumors after animal 

sacrifice and H&E-stained sections of mouse lungs; black bar, 200 μm. In G and H, n ≥ 3 mice per 

group. Respectively, two-way ANOVA test with Bonferroni post hoc test and one-way ANOVA with 

Bonferroni post hoc test were performed to obtain P values. I, n ≥ 15 lung lobes. One-way ANOVA 

with Fisher LSD test post hoc test was performed to obtain P values. *, P < 0.05; **, P < 0.005; ***, 

P < 0.001; ****, P < 0001. 

 



1  

Supplementary Figures 

Supplementary Fig. S1 

 

Supplementary Fig. S1. Morgana is secreted by cancer cells. (A) Data from Human Cancer 

Secretome Database indicated that Morgana is secreted by different types of cancer cells. Dark dots 

represent experiments in which Morgana has been identified in cancer cell secretomes. (B) Western 

blot analysis to detect Morgana, HSP70 and HSP90 in the total extracts (TE) and in the conditioned 

media (CM) of human lung normal and cancer cell lines. GAPDH and Vinculin were used as loading 

and negative control for TE and CM, respectively. (C) Co-immunoprecipitation experiments of 

Morgana and HSP90 in BT549 cell CM. An unrelated IgG was used as control. (D) BT549 empty and 

downregulated for Morgana (shMorg1/2) were analyzed by Western blotting to detect HSP90. (E) 

Western blot analysis of TE and CM of BT549, HCC1937 and H460 cells, treated with Brefeldin A (10 

µg ml-1) for 5 h. Proteins secreted through the conventional ER-Golgi pathway (MMP9 and 

Fibronectin) were used as control for the treatment. Proteins known to be secreted through 
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unconventional pathways (HSP70 and HSP90) were also analyzed. GAPDH and Tubulin were used 

as loading and negative control for TE and CM, respectively. 
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Supplementary Fig. S2 
 

 

 
 
Supplementary Fig. S2. Extracellular Morgana induces migration in cancer cells. (A) BT549 empty 

and shMorg1/2 cells were treated or not with 0.1 µM of mbp or mbp-Morgana (rMorgana). Images 

were captured immediately after wounding and 24 h later. Bars represent the percentage of wound 

closure. Data are presented as median values ± SEM; n ≥ 5 experiments. One-way ANOVA tests 
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with Bonferroni post hoc test were performed to obtain P values. (B) MDA-MB-231 shMorg1 cells 

(treated with 0.1 μM of mbp, rMorgana, rChord or rCs) were wounded and images captured 

immediately and 24 h after wounding. Data are presented as median values ± SEM; n ≥ 3 

experiments. One-way ANOVA tests with Bonferroni post hoc test were performed to obtain P values. 

(C) BT549 empty and shMorg1/2 cells were treated or not with 0.1 µM of mbp or rMorgana in 

combination or not with an HSP90-neutralizing antibody (100 ng ml-1). Images were captured 

immediately after wounding and 24 h later. Data are presented as median values ± SEM; n ≥ 4 

experiments. One-way ANOVA tests with Bonferroni post hoc test were performed to obtain P values. 

(D) MDA-MB-231 shMorg cells treated with 0.1 µM of mbp or rMorgana (2 h, 4°C) were washed and 

exposed to DTSSP cross-linking and lysed. Protein extracts were subjected to immunoprecipitation 

using anti-HSP90 antibodies. Total extracts (TE) were analyzed for the presence of rMorgana by 

Western blot. (E) BT549 shMorg1 cells, treated with 0.1 μM of mbp or rMorgana alone or in 

combination with a monoclonal antibody against TLR2 (30 ng ml-1), TLR4 (100 ng ml-1) or TLR5 (100 

ng ml-1) were wounded and images captured immediately and 24 h after wounding. Data are 

presented as median values ± SEM; n ≥ 4 experiments. One-way ANOVA tests with Bonferroni post 

hoc test were performed to obtain P values. (F-G) MDA-MB-231 shMorg1 cells, treated with 0.1 μM of 

mbp or rMorgana alone or in combination with a monoclonal antibody against EGFR (1 μM) or HER2 

(1 μg ml-1) were wounded and images captured immediately and 24 h after wounding. Data are 

presented as median values ± SEM; n ≥ 3 experiments. One-way ANOVA tests with Bonferroni post 

hoc test were performed to obtain P values. (H) Western blot analysis of MDA-MB-231 infected with 

an empty vector or with two different shRNAs against LRP1 and Morgana (shMorg1shLRP1a and 

shMorg2shLRP1b). Vinculin was used as loading control. (I) Upon TLR2 (ligand) immobilization onto 

a CM5 sensor chip through anti-His antibody, 1 µM of mbp-Morgana or mbp alone (analytes) were 

injected. A specific binding was detected only when mbp-Morgana fusion protein was used (120 s 

from analyte injection). (J) Pull down experiments testing the ability of a recombinant protein 
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containing the LRP1 cluster II domain to interact directly with rMorgana. The interaction has been 

tested in unconditioned medium (*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001). 
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Supplementary Fig. S3 
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Supplementary Fig. S3. Characterization of mAb 5B11B3. (A) ELISA assays with serial dilution of 

mAb 5B11B3 or control IgG on human and mouse rMorgana proteins (10 µg ml-1). (B) Western blot 

analysis with mAb 5B11B3 of MDA-MB-231 and E0771 empty or shMorg1 and shMorg2. Vinculin was 

used as loading control. (C) mAb 5B11B3 was used in an immunoprecipitation experiment from MDA- 

MB-231 and E0771 total extracts. Western blot analysis was performed using mAb 5B11B3 and 

Vinculin. (D) BT549 cells were treated with different antibodies against Morgana (10 µg ml-1), wounded 

and images were captured immediately and 24 h later. An antibody against mbp was used as negative 

control. Data are presented as median values ± SEM; n ≥ 3 experiments. One-way ANOVA tests with 

Bonferroni post hoc test were performed to obtain P values. (E) CALU-1 cells were treated with mAb 

5B11B3 (10 µg ml-1), wounded and images were captured immediately and 24 h after wounding. An 

anti-mbp antibody was used as negative control. Data are presented as median values ± SEM; n ≥ 3 

experiments. One-way ANOVA tests with Bonferroni post hoc test were performed to obtain P values. 

(F) Characterization of mAb 5B11B3 isotype and light chains. (G) Comparison of the amino acidic 

sequence of human and mouse Morgana from amino acid 85 to 110. (H) mAb 5B11B3 was used in an 

immunoprecipitation experiment from MDA-MB-231 and E0771 CM. Western blot analysis was 

performed using HSP90 and mAb 5B11B3. (I) Percentage of apoptotic MDA-MB-231 cells assessed 

by annexin V and propidium iodide staining at 24 and 48 h after treatment with control IgG or mAb 

5B11B3 (10 µg ml-1). Data are presented as median values ± SEM; n ≥ 3 experiments. (J) 

Proliferation assay on MDA-MB-231 cells treated with control IgG or mAb 5B11B3 (10 µg ml-1). Data 

are presented as median values ± SEM; n ≥ 3 experiments. (K-L) Analysis of blood of C57BL/6 and 

BALB/c mice treated with mAb 5B11B3 or control IgG (100 µg, IV injection, 3 times per week). (M) 

CT26 cells were treated with mAb 5B11B3 or control IgG (10 µg ml-1), wounded and images captured 

immediately and 24 h after wounding. Data are presented as median values ± SEM; n ≥ 9 

experiments. One-way ANOVA tests with Bonferroni post hoc test were performed to obtain P values. 

(N) Lung metastatic burden of BALB/c mice injected with 1 x 105 4T1 and treated with intratumoral 

injection of rMorgana or mbp as control (100 µg, 4 injections, 2 times per week). Black arrow indicate 
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micrometastasis. Data are presented as median values ± SEM; n ≥ 7 lung lobes. One-way ANOVA 

tests with Fisher's LSD test post hoc were performed to obtain P values. (O) Proliferation assay on 

CT26 empty or shMorg1 and shMorg2 cells. Data are presented as median values ± SEM; n ≥ 3 

experiments. (P) Tumor weight of BALB/c mice subcutaneously inoculated with 1 x 105 4T1 cells and 

treated with mAb 5B11B3 or control IgG (100 µg, IV injection, 3 times per week). Animals were 

sacrificed after 15 days. Data are presented as median values ± SEM; n ≥ 3 mice per group 

(*p < 0.05; **p < 0.005). 
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Supplementary Fig. S4 
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Supplementary Fig. S4. mAb 5B11B3 recruits macrophages in the primary tumor. (A) Percentage of 

apoptotic CT26 cells assessed by annexin V and propidium iodide staining at 24 and 48 h after 

treatment with control IgG or mAb 5B11B3 (10 µg ml-1). Data are presented as median values ± SEM; 

n = 3 experiments. (B) Proliferation assay on CT26 cells treated with control IgG or mAb 5B11B3 (10 

µg ml-1) Data are presented as median values ± SEM; n = 3 experiments. (C) Percentage of apoptotic 

4T1 cells assessed by annexin V and propidium iodide staining at 24 and 48 h after treatment with 

control IgG or mAb 5B11B3 (10 µg ml-1). Data are presented as median values ± SEM; n = 3 

experiments. (D) Proliferation assay on 4T1 cells treated with control IgG or mAb 5B11B3 (10 µg ml-1). 

Data are presented as median values ± SEM; n = 3 experiments. (E) ADCC: percentage of E0771 

apoptotic cells after co-culture of E0771 cells with splenocytes from C57BL/6 mice using 3 different 

E:T ratios (50:1, 100:1 and 200:1) in the presence of the mAb 5B11B3, control IgG (10 µg) or vehicle 

(PBS). (F-J) C57BL/6 mice or BALB/c mice subcutaneously inoculated respectively with 2 x 105 E0771 

or 2 x 105 CT26 and after tumor growth, treated with mAb 5B11B3, IgG or vehicle (PBS) (100 µg, IV 

injection) and sacrificed after 24 h. (F-G) Lymphoid immune composition of the primary tumor, (H-I) 

tumor weight, (J) identification of CD45+ cells in E0771-derived tumors. (K-L) BALB/c mice inoculated 

subcutaneously with 2 x 105 CT26. After primary tumor development (size around 15 mm3), animals 

were treated with mAb 5B11B3, control IgG, 5B11B3 Fab, control IgG Fab or vehicle (PBS) one time 

(100 µg, IV injection) and sacrificed after 24 h. (K) cytofluorimetric analysis of tumor-infiltrating myeloid 

cells; (L) percentage of tumor-infiltrating macrophages. Data are presented as median values ± SEM; 

n ≥ 3 mice per group. One-way ANOVA tests with Fisher's LSD test post hoc test were performed to 

obtain P values. (**p < 0.005; ***p < 0.001). 
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Supplementary Fig. S5 
 

 

 
 
Supplementary Fig. S5. mAb 5B11B3 requires macrophages to induce CD8+ T lymphocytes 

recruitment in the primary tumor. (A) Percentage of CD45+ in the primary tumor of E0771 cancer 
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bearing mice, treated 3 times with mAb 5B11B3, IgG or PBS (100 µg, IV injection). Data are presented 

as median values ± SEM; n = 6 mice per group. (B, C, D) Identification of immune composition in the 

primary tumor after treatments with mAbs. (B) Percentage of immune cells, (C) of CD8+ T 

lymphocytes and (D) of Treg FOXP3+, CD8+ T lymphocytes and the ratio of CD8+ T lymphocytes/Treg 

FOXP3+ in tumors of BALB/c mice subcutaneously inoculated with 2 x 105 CT26. After primary tumor 

development (size around 15 mm3), animals were treated with mAb 5B11B3, IgG or PBS 3 times (100 

µg, IV injection) and sacrificed. Data are presented as median values ± SEM; n ≥ 3 mice per group. 

One-way ANOVA tests with Fisher's LSD test post hoc test were performed to obtain P values. (E-F) 

Percentage of CD8+ T lymphocytes in tumors of BALB/c mice subcutaneously inoculated with 2 x 105 

CT26 empty or shMorg. (E) After primary tumor development (size around 15 mm3), animals were 

treated with mAb 5B11B3 or control IgG 3 times (100 µg, IV injection) and sacrificed. Data are 

presented as median values ± SEM; n ≥ 3 mice per group. One-way ANOVA tests with Fisher's LSD 

test post hoc test were performed to obtain P values. (F) Western blot on CT26 infected with an empty 

lentiviral vector (empty) or a vector containing a shRNA for Morgana (shMorg1). Vinculin was used as 

loading control (G) Analysis of macrophage depletion in spleen of mice treated with clodronate 

liposomes, control liposomes (100 µg per 10 gr/mouse) or PBS. Data are presented as median values 

± SEM; n = 3 mice per group. (H) Percentage of immune cells and (I) percentage of CD8+ T 

lymphocytes in tumors of BALB/c mice subcutaneously inoculated with 2 x 105 CT26. After primary 

tumor development (size around 15 mm3), animals were treated with clodronate liposomes in PBS 

(100 µg per 10 gr/mouse) and after 4 days mice were treated with mAb 5B11B3 or IgG (100 μg, IV 

injection) 3 times and sacrificed. Data are presented as median values ± SEM; n ≥ 3 mice per group. 

One-way ANOVA tests with Fisher's LSD test post hoc test were performed to obtain P values. 

(*p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001). 
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Supplementary Fig. S6 
 

 

Supplementary Fig. S6. Wound healing representative images. 
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Supplementary Fig. S7. Uncropped images of Western blot analysis. Note that in some cases, 

nitrocellulose membranes had been probed with different antibodies in succession and residual bands 

of previous staining are visible. 
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