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Abstract

Hemoglobin (Hb) performs its physiological function within the erythrocyte. Extracellular Hb has prooxidative

and proinflammatory properties and is therefore sequestered by haptoglobin and bound by the CD163 receptor

on macrophages. In the present study, we demonstrate a novel process of Hb uptake by macrophages independ-
ent of haptoglobin and CD163. Unexpectedly, macrophages do not degrade the entire Hb, but instead transfer it

to neighboring cells. We have shown that the phenomenon of Hb transfer from macrophages to other cells is mainly
mediated by extracellular vesicles. In contrast to the canonical Hb degradation pathway by macrophages, Hb transfer
has not been reported before. In addition, we have used the process of Hb transfer in anticancer therapy, where mac-
rophages are loaded with a Hb-anticancer drug conjugate and act as cellular drug carriers. Both mouse and human
macrophages loaded with Hb-monomethyl auristatin £ (MMAE) effectively killed cancer cells when co-cultured

in vitro.
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Introduction

The effectiveness of cancer treatment is still inadequate,
making cancer the number one cause of death in devel-
oped countries. Current cancer treatments include sur-
gery, radiotherapy, chemotherapy, or a combination of
these three. Conventional chemotherapy is only par-
tially effective, mainly due to a lack of selectivity. Less
than 0.1% of the administered chemotherapeutic agent
reaches the tumor tissue, while the majority remains in
healthy tissue, causing side effects [1]. Therefore, there
is an urgent need to develop more effective drug deliv-
ery systems to overcome the challenges associated with
chemotherapy. In recent years, a variety of nanocarriers
have been investigated to improve therapeutic efficacy.
Among others, liposomes, nanopolymers, and inorganic
nanoparticles have been extensively studied to provide
advantages such as controlled release, better targeting,
and increased bioavailability of drugs [2]. In addition,
live cells such as lymphocytes, monocytes, macrophages,
dendritic cells, and erythrocytes have emerged as drug
carriers due to their specific properties such as biocom-
patibility, stability in circulation, natural tissue targeting,
and ability to cross biological barriers [3].

Macrophages are the most flexible and diverse cells
found in all body compartments, with tissue-specific
characteristics and functions. In response to environ-
mental factors, macrophages alter their gene expression
profiles, followed by a change of phenotype, metabolism,
and activity, known as polarization. The simplest division
includes polarization into M1 (proinflammatory) and
M2 (anti-inflammatory) macrophages, which represent
the extremes of the phenotype continuum. Macrophages
present in the tumor microenvironment usually exhibit
pro-tumor activity and correlate with poor prognosis.
Macrophages are equipped with a variety of receptors
(e.g. scavenger receptors, receptors that sense pathogen-
and damage-associated molecular patterns) and possess
many capabilities, such as chemotaxis, phagocytic activ-
ity, the ability to present antigens, the production of oxy-
gen and nitrogen radicals, and release of a plethora of
cytokines [4—6]. Macrophages play an essential role in
innate immunity, maintaining homeostasis and support-
ing tissue integrity and functionality. Macrophages are
involved in the metabolism of many substances including
hemoglobin (Hb), as they support Hb biogenesis and are
directly responsible for Hb degradation [7].

Hb is the most abundant protein in the blood. Hb is
a tetramer made up of two a and two [ subunits. Each
subunit consists of globin with an iron-containing heme
molecule. The function of Hb is fundamental as it carries
oxygen to the tissues [8—10]. In the circulation, free Hb
and particularly heme are toxic due to NO scavenging
and direct pro-oxidative and proinflammatory reactions,
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leading to gastrointestinal, cardiovascular, pulmonary,
urogenital, hematological, and renal abnormalities [11,
12]. Physiologically, Hb is sequestered in red blood cells,
but hemoglobin can be released during hemolysis. To
prevent the harmful effects of free Hb, there are several
scavengers and mechanisms that ensure Hb detoxifica-
tion, such as haptoglobin (Hp), hemopexin, CD163, and
heme oxygenase. The first step in the canonical pathway
of free Hb clearance depends on the formation of the
Hb-Hp complex and its further uptake by the CD163
receptor on monocytes/macrophages. However, stud-
ies in the mouse model have shown that, in contrast to
humans, the formation of Hb-Hp complex does not
increase the affinity for CD163 and that CD163 is not
required for Hb uptake [13]. Following endocytosis, Hb
is degraded in macrophages and converted to end prod-
ucts: amino acids, iron, CO, and bilirubin [14—17].

In the present study, we show that in humans mac-
rophages may uptake Hb independently of Hp and
CD163. In addition, we describe a novel pathway of Hb
processing by macrophages in which Hb is transferred
to the neighboring cells instead of being degraded. This
transfer is largely mediated by macrophage-derived
extracellular vesicles. The observed phenomenon of Hb
transfer can be exploited as a new cellular anticancer
conjugate delivery to cancer cells in a new cell-based
anticancer therapy. Here, we demonstrate a benefi-
cial therapeutic effect of conjugated Hb to the antican-
cer drug monomethyl auristatin E (MMAE) in several
in vitro cancer cell culture models.

Materials and methods

Cell lines and primary cell culture

Human acute monocytic leukemic cell line THP-1
(ATCC® TIB-202") was cultured in RPMI-1640 medium
supplemented with 10% bovine calf serum (FBS) (VWR),
1% penicillin/streptomycin and 0.05 mM of 2-mercap-
toethanol. Murine mammary cancer cell lines EMT6
(ATCC® CRL-2755"™) and E0771 (ATCC® CRL-3461")
were cultured in DMEM medium whereas 4T1 (ATCC®
CRL-2539"™) in RPMI-1640 supplemented with 10%
FBS, 1% penicillin/streptomycin and 0.1 mg ml~! Gene-
ticin (Gibco). Human ovarian cancer cell line SKOV-3
(ATCC® HTB-77"), human breast cancer cell line MDA-
MB-231 (ATCC® HTB-26"), murine colon cancer cell
line CT26.WT (ATCC® CRL-2638™) were cultured in
RPMI-1640 medium supplemented with 10% FBS and
1% penicillin/streptomycin. Murine macrophage cell
line RAW 264.7 (ATCC® TIB-71"), human colon cancer
cell line LoVo (ATCC® CCL-229"), and human cervical
cancer cell line HeLa (ATCC® CCL-2") were cultured in
high glucose DMEM medium supplemented with 10%
EBS and 1% penicillin/streptomycin. Primary Dermal
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Microvascular Endothelial Cells HDMVECs (ATCC®
PCS-110-010"), Primary Renal Proximal Tubule Epi-
thelial Cells RPTEC (ATCC® PCS-400-010 ™), Primary
Bladder Fibroblast Cells (ATCC® PCS-420-013 ™) were
cultured in dedicated media containing all required sup-
plements. MCF10A (ATCC® CRL-10317 ™) epithelial
cells were cultured in mammary epithelial basal media
(MEBM, Lonza) containing 0.4% bovine pituitary extract
(BPE), 10 ng ml™* human epidermal growth factor
(hEGF), 5 pg ml™! human insulin, 0.5 pg ml~! hydrocor-
tisone, 30 pg ml™ gentamicin and 15 pg ml~' ampho-
tericin, and 100 ng ml™" cholera toxin (Sigma-Aldrich).
Primary human breast fibroblasts were kindly gifted by
Monika Puzianowska-Kuznicka and were cultured in
high glucose DMEM medium supplemented with 10%
FBS and 1% penicillin/streptomycin. Human Umbilical
Vein Endothelial Cells HUVEC (Lonza, C2519A) were
cultured in EGM™-2 Endothelial Cell Growth Medium
(Lonza). For differentiation to macrophages, THP-1 cells
were plated in a medium containing 100 ng ml~* Phorbol
12-myristate 13-acetate (PMA) and incubated for 24 h
(37 °C, 5% CO,) and then for subsequent 24 h in fresh
medium w/o PMA.

Peripheral blood mononuclear cells (PBMC) were iso-
lated from buffy coats obtained from blood of anonymous
healthy volunteers from the Regional Center of Blood
Donation and Treatment in Warsaw with the knowledge
of the Bioethics Committee of the Medical University of
Warsaw. PBMC were isolated by Lymphoprep™ gradi-
ent centrifugation (750 rcf for 30 min, without break).
Monocytes were isolated by immunomagnetic positive
selection using CD14" MicroBeads (Miltenyi Biotec)
and magnetic separation with QuadroMACS™ Separa-
tor (Miltenyi Biotec). Collected cells were seeded in ster-
ile Petri dishes (@ 100 mm, 1x10° cells ml™) (Promed)
and cultured for 7 days (if not stated otherwise) in RPMI-
1640 medium supplemented with 10% FBS, 1% Penicil-
lin/Streptomycin and 25 ng ml~! M-CSF (ImmunoTools).
On day 5 culture medium was changed to fresh one. For
BMDM isolation mice were euthanized, femurs and tib-
ias were isolated. Bones were placed in part of the pipette
tip placed in Eppendorf tube and centrifuged (1000 rcf
for 1 min). Pellet was resuspended in ACK lysis buffer,
incubated for 5 min at RT and passed through 100 pm
cell strainer, washed with PBS. Next cells were plated
in 5 ml of DMEM:F12+ glutamine/glutamax+ 10%
FBS+1% Penicillin/Streptomycin and 20% of L929 con-
ditioned medium and cultured for 7 days (37 °C, 5%
CO,). On day 5 an additional 5 ml of culture medium
was added. For M1 or M2 polarization, 6-day old BMDM
were stimulated for 48 h using LPS (2 ng ml™") and IFNy
(50 ng ml™") or IL-4 (20 ng ml™!) and IL-10 (20 ng ml™}),
respectively. List of all key resources with their respective
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suppliers and reference numbers is included in the Sup-
plemental information (Table S3).

Cell culture procedures

For loading macrophages or PBMC were incubated in
Hb (or BSA, haptoglobin when indicated) solution pre-
pared in serum-free medium at concentration 1 mg ml™
of (or other concentration if needed) in constant pro-
portion 10 mln of cells per 1 ml of protein solution for
1 h (37 °C, 5% CO,) and then washed three times with
PBS (Figure S2A). When investigating mechanism of Hb
uptake, we preincubated hMDM for 30 min at 37°C with
25 pM 5-[N-ethyl-N-isopropyl] amiloride (EIPA), 4 uM
cytochalasin D (cyt D), 20 uM nystatin, 10 uM chlor-
promazine (CPZ), 5 mM 2-hydroxypropyl-p-cyclodextrin
(HP-B-CD) or 10 ug/ml dextran sulfate, then washed and
incubated with Hb-AF488 in serum-free medium for 1 h
at 37 °C. Where indicated haptoglobin was mixed with
Hb (1:1; w:w), incubated for 10 min at RT and diluted
to the concentration needed. For vesicle transfer mac-
rophages were stained with DiD (5 ug ml™! in PBS) for
30 min at 37 °C, washed with PBS and plated in fresh
culture medium for 16 h. Cancer cells were stained using
CellTrace™ Violet Cell Proliferation Kit or CellTrace™ Far
Red Cell Proliferation Kit according to the manufacturer’s
protocol at working concentration of dye 2.5 pM or 1 pM,
respectively. Alternatively, cancer cells were stained using
CellTracker™ Orange CMTMR Dye according to manu-
facturer’s protocol at working concentration of dye 5 pM.
For flow cytometric analysis or microscopy imaging cells
were seeded in ratio 2:1 (macrophages: cancer cells) in
RPMI containing 5% FBS and incubated (37 °C, 5% CO,)
for the indicated time with one exception: for co-cultures
with macrophages incubated with Hb-MMAE cells were
seeded in ratio 1:1. For co-culture without direct con-
tact, 4 10° of macrophages were seeded into Transwell®
inserts (1 um pore size) and 2x 10° of cancer cells were
seeded in bottom chamber (Figure S9C). After the indi-
cated time cells were harvested using Trypsin—-EDTA
solution. For FCS experiments we loaded THP-1 mac-
rophages with mixture of 10 pg ml™' Hb-Alexa Flor 568
and 990 pg ml~! no-labelled Hb (total 1 mg ml™!). Then,
5% 10* of THP-1 cells and 2.5 % 10* of MDA-MB-231 cells
were seeded into p-Slide 8 Well Glass Bottom cham-
ber slide (ibidi) in 300 uL of RPMI containing 5% FBS.
When indicated, co-cultures were performed under
shaking (105 rpm). For experiments with conditioned
medium, THP-1 macrophages incubated previously
with Hb (0.4x10° were resuspended in RPMI contain-
ing 5% FBS, seeded onto 24-well plate and incubated for
24 h. Cancer cells (0.5%10°) and standard co-cultures
(0.4x10° of THP-1 and 0.2x10° of cancer cells) were
seeded onto 24-well plate and cultured for 24 h. After
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that time, medium from above cancer cells was discarded
and replaced with medium collected form above mac-
rophages or co-cultures (centrifuged previously at 1000
rcf, 10 min). Cells were cultured for another 24 h and
were prepared for flow cytometric analysis. For incuba-
tion with EVs, 0.3x10° SKOV-3 and MDA-MB-231 cells
were seeded onto a 24-well plate and cultured for 24 h.
Then, the medium was replaced with fresh medium,
mixed with the EVs fraction in a 1:1 volume ratio, and
then cultured for another 24 h. After this time, cells were
prepared for flow cytometric analysis. For radioactivity
measurements, solutions containing radioiodine labelled
protein with a concentration of Hb or a mixture of Hb/
Hp (1:1; w:w): 1000 pg ml™}, 100 pg ml™%, 10 pg ml™,
1 pug ml~! were prepared. The concentration of protein
was measured at NanoDrop One UV-Vis spectrometer.
Radioactive concentration was determined at WIZARD2
2480 Automatic Gamma Counter (PerkinElmer). hMDM
were incubated in protein solutions for 1 h (37 °C, 5%
CO,) and washed twice with PBS. Radioactivity of
bounded protein was measured at WIZARD2 2480. For
cytotoxicity assays hMDM were incubated for 1 h (37 °C,
5% CO,) in Hb-MMAE solution (100 pg ml™) prepared
in serum-free medium (RPMI-1640) at cell density 10
mln of hMDM per 1 ml, next cells were washed three
times with PBS. For other macrophages concentration
of Hb-MMAE was indicated in the figure legends. Can-
cer cells (e.g. MDA-MB-231 or SKOV-3) were seeded
on 24-well adherent plate in ratio 8:1, 4:1, 2:1, 1:1 or
1:2 (cancer cells: hMDM) in RPMI-1640 containing 5%
FBS, 1% Penicillin/Streptomycin and 25 ng/ml"* M-CSF
(ImmunoTools) and incubated for 48-72 h (37 °C, 5%
CO,). Cancer cell monocultures were seeded as control.
After incubation cells were harvested using a Trypsin/
EDTA solution (Thermo Fisher) and stained for viability
using Zombie Aqua (1:600) (BioLegend) and to identify
the hMDM population using CD14 antibody. Stained
cells were suspended in 200 ul Facs Flow solution.
Directly before flow cytometry on FACSCanto II (BD),
counting beads (CountBright ', Invitrogen) were added
to each sample. The analysis was performed using Flow]Jo
software.

Protein conjugation and radiolabeling

For conjugation reactions proteins were dissolved
in 0.1 M NaHCO; pH 8.3 or in PBS pH 7.4 reaching a
final concentration of less than 1 mM. Alexa Fluor NHS
Esters were dissolved in DMSO and then diluted in 0.1
M NaHCO; pH 8.3. Both solutions were mixed in vol-
ume ratio 1:1 (when protein was in NaHCO;) or 1:10
(when protein was in PBS) and with fluorochrome to
protein molar ratio 2.5:1, incubated for 45—60 min at RT
with rotation and then washed and concentrated using
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Amicon® Ultra-15 Centrifugal Filter Unit with 10 kDa
cutoff against 0.1 M NaHCO; pH 8.3 or PBS pH 7.4.
Alternatively, Hb was dissolved in buffer (25 mM HEPES,
10 mM (NH,)SO,, 10 mM methionine and 0.1 mM
EDTA). Alexa Fluor 568 C5 Maleimide was dissolved
in DMSO, added to Hb at 5Xxmolar excess, incubated
for 3 h at 4 °C and then washed and concentrated using
Amicon® Ultra-15 Centrifugal Filter Unit with 10 kDa
cutoff against 0.1 M NaHCO; pH 8.3. Unless otherwise
noted, Hb was powdered human hemoglobin, primar-
ily metHb (Lee Biosolutions, #338-10). Alternatively,
freshly isolated human or mouse hemoglobin was used.
Hb concentration was calculated based on Beer—Lambert
law and heme extinction coefficient (167,000 M~! cm™)
at 405 nm for powdered Hb and at 415 nm for fresh Hb.
BSA and HSA concentration was measured at NanoDrop
spectrophotometer using a protein module.

Conjugation of hemoglobin with MMAE was carried
out with a fivefold excess of drug over protein. MMAE
derivative with a cleavable dipeptide, valine-citrulline was
purchased from MedChemExpress with a declared purity
of over 99.90% in the form of a powder and dissolved in a
dimethylacetamide solution before the reaction. The con-
jugation reaction was conducted in buffer containing 20
mM Hepes, 1 mM EDTA, 0.04% Tween 20, pH 7.3 for 2 h
at 4 °C. Then, the reaction mixture was washed and con-
centrated using Amicon® Ultra-15 Centrifugal Filter Unit
with 10 kDa cutoff against 0.1 M NaHCO3, 0.02% Tween
20, pH 8.0 (formulation buffer). Reagents for the conju-
gation reaction were purchased from Sigma Aldrich. The
conjugation reaction was confirmed by mass spectrom-
etry, and conjugation efficiency was determined by UV—
Vis spectrophotometry using experimentally determined
extinction coefficients. The mass spectra were recorded
by ESI-QTOF mass spectrometer (Premier, Waters).
Samples prepared in a formulation buffer in a concen-
tration of 1 mg ml~! were directly injected into the mass
spectrometer. UV-Vis spectra were recorded by DeNovix
DS-11 EX+ spectrophotometer. The maximum absorb-
ance for hemoglobin was at 405 nm and for the veMMAE
drug was at 252 nm. Experimentally determined extinc-
tion coefficient for veMMAE was 13,642 M ~' cm™ at
252 nm and 2 M ~* cm™ at 405 nm, and for hemoglobin:
82,887 M ' cm™" at 405 nm and 21,716 M "' cm™1 at
252 nm.

For radiolabeling of hemoglobin, 500 uL of 311/ Nal
solution (Polatom, Otwock, Poland) was mixed with
hemoglobin solution in PBS up to concentration of
protein 1 mg ml™'. The sample was transferred into
Pierce Pre-Coated lodination Tubes. Radioactivity of
reaction mixture was measured at Atomlab 500 dose
calibrator (Biodex Medical Systems), concentration
of protein was measured at NanoDrop One UV-Vis
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spectrophotometer, then incubated for 120 min in
room temperature. Raw product was transferred to
Vivaspin 10 k centrifugal filters and washed twice with
PBS solution. Radioactivity and concentration of pro-
tein were measured as described. The purity of the final
product was determined by thin layer chromatography
(TLC) and was higher than 92%.

Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (FCS) measure-
ments were performed using Nikon Eclipse TE2000U
confocal microscope combined with the FCS Pico-
Harp 300 set. The measurements were carried out in
an Okolab climate chamber at 36 °C. Fluorescence was
induced by 561 nm pulse laser. Observations were car-
ried out using a 60 X lens (N.A. 1.2) with water immer-
sion. Each measurement was preceded by calibration in
a suitable reference medium [18]. The diffusion coef-
ficient of Hb-Alexa Fluor 568 was measured in solu-
tions: serum-free RPMI and NaHCO,. The viscosity of
serum-free RPMI and NaHCO, was estimated based on
a comparison of the diffusion coefficient of rhodamine
B in water. Hydrodynamic radii of the monomer, dimer,
and tetramer of Hb-Alexa Fluor 568 were calculated
using the Stokes-Sutherland-Einstein equation, based
on the measured diffusion coefficients. The radius of
tetramer was calculated based on the diffusion coeffi-
cient of Hb-Alexa Fluor 568 in serum-free RPMI, radius
of dimer was calculated based on the diffusion coeffi-
cient of Hb-Alexa Fluor 568 solution in 0.1 M NaHCO,
pH 8, and radius of monomer was calculated based on
the diffusion coefficient of Hb-Alexa Fluor 568 solution
in 0.1 M NaHCO; pH 8. The viscosity of MDA-MB-231
cytoplasm was estimated by using TRITC-labelled dex-
trans according to the procedure described earlier [19].
Predicted diffusion coefficients of monomer, dimer,
and tetramer of Hb-Alexa Fluor 568 in the cytoplasm
of MDA-MB-231 were calculated based on the model
expressed by a formula [18, 20]:

2 2\ P
ERON
RH rp
Where:

g — effective viscosity of cytoplasm;

1, — viscosity of water;

A — factor of the order of 1;

€ — characteristic length-scale;

Ry; — characteristic length-scale;

a — exponent indicating type of complex fluid;
r, — hydrodynamic radius of a probe.

Neff = NoAexp
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The model was previously validated for MDA-MB-231
cells [21] with the following parameters: A=1.3+0.3,
£€=1.70£0.29 nm, R;=2.85+0.92 nm, a=0.55+0.15.

FCS analysis in the cytoplasm of MDA-MB-231 cells
was performed after 4 and 6 h of co-culture with Hb-
Alexa Fluor 568-loaded THP-1 macrophages. FCS auto-
correlation curves obtained for Hb-Alexa Fluor 568 is
MDA-MB-231 cytoplasm were fitted by a two-compo-
nent normal diffusion model.

EV separation and labeling

First, the medium was centrifuged at 2000 rcf for 10 min
at RT, the supernatant was centrifuged again at 10,000 rcf
for 30 min at 4 °C. Finally, the sample was filtered using
a 0.22 pm PVDF syringe filter (Merc), and directly used
for EV-isolation. The homemade mini-SEC columns were
prepared as described by Ludwig et al. using Sepharose
CL-2B [22, 23]. A 1 ml of precleared medium was applied
to the mini-SEC column. After the sample entered the
column, 2 ml of PBS was added, and 3 ml of void vol-
ume was collected (fractions 1-3, 1 ml each). Then,
4 ml of PBS was added, and EV-enriched fractions (4, 5
and 6; 1 ml each) were collected in separate tubes. For
membrane labeling of EVs, the lipophilic membrane dye
CellMask " Plasma Membrane was used at a final concen-
tration of 4 ng ml™" as described before [23]. Briefly, pre-
diluted EVs and prediluted in the dye solution at 9:1 ratio
in a total volume of 10-50 pl were incubated for 2 h at
RT in the dark. Then, the EVs were further diluted in PBS
(usually 1:1000) and measured by Nanoparticle Tracking
Analysis (NTA) at RT at 11 positions in one cycle with
the following settings: F640, Sensitivity: 91, Shutter: 100,
Minimal Brightness: 25, Trace length: 7, Min Area: 10,
Max Area: 1000 nm/Class: 5, Classes/Decade: 64, Reso-
lution: medium. All labelled samples were first evaluated
in fluorescence mode with the function “low bleach” on,
immediately followed by evaluation in scatter mode to
minimize photobleaching. At least three measurements
of each sample were performed.

EV analysis

EV size distribution and concentration were obtained
using the ZetaView PMX220 instrument (Particle Met-
rix, Germany) equipped with a 488 and 640 nm laser
and ZetaView 8.05.11 SP4 software. The measurement
was performed as described before [23]. Briefly, the
measurements in scatter mode were performed at 25 °C
at 11 positions in two cycles with the following settings
—Sensitivity: 80, Shutter: 100, Minimal Brightness: 30,
Trace length: 15, Min Area: 10, Max Area: 1000 nm/
Class: 5, Classes/Decade: 64, Resolution: medium. The
camera sensitivity was adjusted to also detect dim parti-
cles at a minimal background noise (measured in PBS).
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All settings were kept the same for all analyzed samples
to minimize variability. At least three measurements of
each sample were performed. EVs were measured in F488
mode using the following settings: F488, Sensitivity: 95,
Shutter: 100, Minimal Brightness: 25, Trace length: 7,
Min Area: 10, Max Area: 1000 nm/Class: 5, Classes/Dec-
ade: 64, Resolution: medium.

A concentrated EV sample consisting of SEC frac-
tions 4—6 from sample THP-1 Hb-AF488 (10 ug) was
incubated with mix of Dynabeads: Exosome-Human
CD69/CD9/CD81 Flow Detection Reagents (Thermo
Fisher Scientific 10606D, 10620D, 10622D) following
the manufacturer’s protocol. Briefly, the EV sample vol-
ume was adjusted to 100 ul using isolation buffer (PBS
with 0.1% BSA, filtered through a 0.22 pm filter). Then,
20 pl of Dynabeads were washed with isolation buffer
and added to the EV sample. The sample was incubated
ON with shaking (600 rpm) at 4 °C. The following day,
the Dynabead-bound EVs were stained with the tetras-
panin markers (CD63-PE, CD9-FITC, CD81-APC) or
the isotype controls for 1 h at RT with mild shaking (600
RPM), then washed with isolation buffer and analyzed
by flow cytometry. Flow cytometry was performed on a
BD FACSVerse 8 Color Flow Cytometer (BD) with BD
FACSuite Software v.1.0.6. FCS files were then analyzed
with FlowJo Software. The stained bead-coupled EVs
were resuspended in 150 pL PBS. A single-bead gate was
set based on the FCS and SSC scatter and a minimum of
1500 beads were acquired.

Proteomics measurements

Sample processing: EV samples were dried in a Speed-
vac to remove the remaining buffer and resuspended
in 10 pl lysis buffer (8 M urea in 100 mM Tris/HC] pH
8.2). Samples were sonicated by high-intensity focused
ultrasound (UP200St, Hielscher Ultrasonics GmbH)
for 3x20 s at 60% amplitude, reduced with 1 pl of
100 mM tris(2-carboxylethyl)phosphin for 30 min
at 37 °C/600 rpm and alkylated with 1 pl of 200 mM
chloroacetamide under light protection for 30 min
at 25 °C/600 rpm in a thermomixer. Lysis buffer was
diluted by adding 55 pl of a 50 mM triethylammonium
bicarbonate (pH 8.5) followed by digestion with 100 ng
trypsin (Promega) for 16 h at 37 °C/600 rpm in a ther-
momixer. Digestion was stopped with 20 pl of 10% for-
mic acid. Data acquisition and quantification: Peptides
corresponding to 450 pg protein input were spiked
with iRT peptides (Biognosys) and loaded onto Evotips
(Evosep Biosystems). Peptides were separated with an
Evosep One chromatography system (Evosep Biosys-
tems) equipped with a PSC-15-100-3UHPnC Repro-
Sil C18 3 M PepSep analytical column (15 cm length,

Page 6 of 21

120 A pore size, 100 um inner diameter). The system
was operated at the 30 samples per day (30 SPD) set-
ting (44 min gradient) with a flow rate of 0.5 pl min™".
Peptides were analyzed on-line by a timsTOF Pro mass
spectrometer (Bruker Daltonics) using the standard
1.9 s cycle time dda-PASEF acquisition mode. Pre-
cursor mass range was set to 100-1700 m/z and the
inverse mobility range (1/k0) was set between 0.6—
1.6 cm? V7! 57! with a mobility-dependent collision
energy of 20 eV at 0.85 cm® V™' 5! and 59 eV at 1.3
cm? V7! 571, Raw data was searched against a human
Uniprot database (2022-06-16-decoys-reviewed-con-
tam-UP000005640.fas, 2,810,144 peptides) contain-
ing decoy sequences and common contaminants and
quantified with Fragpipe/MSFragger (v3.4) [24] using
IonQuant (v1.7.17) and Philosopher (v4.5.1) at standard
settings. Carbamidomethylation of cysteines was set as
fixed modification whereas methionine oxidation and
N-terminal acetylation were set as variable modifica-
tions. Data analysis: The “combined_protein” table was
imported into R/RStudio, normalized by median abso-
lute deviation (MAD) normalization based on the Max-
LFQ intensities, followed by removal of non-human
contaminants and filtering for proteins detected in at
least 2/3 of control samples (766 proteins, 12.6% miss-
ingness). Missing data was imputed based on a mixed
imputation approach (maximum likelihood estimation/
MLE for missing completely at random/MNAR data;
imputation under a Gaussian complete data assump-
tion/IGCDA for missing not at random/MNAR data)
using the ‘imp4p’ package [25]. Batch correction and
differential expression were performed using the
‘limma’ package [26]. Identification of cell surface pro-
teins was performed as described in the main text using
a Uniprot reference list based on the Uniprot keywords
‘cell membrane’ (KW1003), ‘membrane’ (KW0472) and
‘secreted’ (KW0964). Pathway overrepresentation anal-
ysis (ORA) was performed with the “WebgestaltR’ pack-
age (https://github.com/bzhanglab/WebGestaltR) using
the cell surface protein list extracted from Uniprot as
background. GO Biological Processes, Cellular Com-
ponents and Molecular Function (non-redundant path-
ways) as well as pathways from the Kyoto Encyclopedia
of Genes and Genomes (KEGG) and the Reactome
database were included in the analysis. Heatmaps were
generated using the ComplexHeatmaps package [27].
Among the detected surface proteins, most distinctive
proteins between Hb-treated and control conditions
were identified using a two-group linear discriminant
analysis (LDA), as implemented in the LDA function
of the ‘M ASS’ package (http://www.stats.ox.ac.uk/pub/
MASS4). Top hits were identified based on LD1 weight
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scores (LD1>0.045 or LD1<-0.025) and assessed by
individual Student’s t-test.

Statistics

Data is presented as mean+SD. Statistical analysis was
performed with GraphPad Prism10 software using a
paired or unpaired 2-tailed Student’s t-test or one-way
ANOVA. P values less than 0.05 were considered statis-
tically significant. Except for proteomic analysis, the sta-
tistical details of experiments can be found in the figure
legends, statistical details of the proteomic analysis are
described in the appropriate section of the Methods.

Results
Macrophages take up Hb independently of CD163
To prevent harmful effects, free Hb is taken up and
detoxified by monocytes and macrophages [14]. Flow
cytometric analysis showed that among peripheral blood
mononuclear cells, only monocytes were able to take up
free Hb, whereas B cells, NK cells, NKT cells, and T cells
did not take up Hb (Fig. 1A), which is consistent with
the function of monocytes as intravenous Hb scaven-
gers [28]. To investigate Hb uptake by macrophages, we
used human and murine primary macrophages (human
monocyte-derived macrophages (hMDM), murine bone
marrow-derived macrophages (BMDM)) and cell lines
including PMA-differentiated THP-1 cells and RAW
264.7 cells. All studied macrophages were able to take
up human Hb during 1-h incubation as we showed by
flow cytometry (Fig. 1B) and confocal microscopy (Fig-
ure S1A). Additionally, using a panel of macrophages this
process was confirmed by Western blot (Figure S1B).
To evaluate the kinetics of the Hb uptake, we incubated
THP-1 macrophages with Hb for 5-120 min and exam-
ined cell fluorescence at several time points. Hb uptake
was very fast, Hb was present in cells already after 5 min
and increased over time (Figure S1C).

Although previous studies suggested that the main
route of Hb uptake is via CD163 [15, 29, 30], later
reports in the murine model indicated that CD163 is not

(See figure on next page.)
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required for this process [13]. We observed that CD163
is not required for Hb uptake by macrophages, as some
macrophages (RAW 264.7 and BMDM) do not express
CD163 mRNA (Figure S1D), but still took up Hb from
the medium. Among the studied macrophages, hMDM
had the highest expression of CD163 mRNA, but only
2.3-9.7% of hMDM expressed CD163 protein on the
cell surface, and the percentage of CD163* hMDM var-
ied between donors (Figure S1E). We next incubated
hMDM with two concentrations of Hb (0.01 mg ml~! and
1 mg ml™) and then stained the cells with CD163 anti-
body. We found that both CD163" and CD163~ popula-
tions of hMDM were able to uptake Hb (Fig. 1C, Figure
S1F), demonstrating that the CD163 receptor is not
required for Hb uptake by macrophages. CD163% cells
had a higher mean fluorescence intensity (MFI) than the
CD163™ population (Fig. 1D, Figure S1G), suggesting that
CD1637 cells took up Hb more efficiently, but due to the
CD163* frequency, the MFI of the total cell population
was similar to CD163™ subpopulation (Fig. 1D, Figure
S1G). We further investigated the importance of hapto-
globin, which can form a complex with free Hb and binds
to CD163. To this end, we evaluated the uptake of Hb/Hp
complexes [30]. We observed that the presence of Hp did
not increase Hb uptake by hMDM at the four concentra-
tions of Hb (Fig. 1E). We then examined the uptake of Hb
or Hb/Hp by CD163* and CD163~ hMDM. The pres-
ence of Hp increased Hb uptake only in CD163~ hMDM
at the higher Hb concentration (1 mg ml™). In general,
CD163" hMDM took up more Hb, but the presence of
Hp did not affect the efficiency of Hb uptake (Fig. 1F). In
contrast to all previous experiments, where we incubated
macrophages with Hb in a serum-free medium, the addi-
tion of human serum (20%) to the medium, as a poten-
tial source of haptoglobin, did not significantly change
neither the percentage of Hb-positive macrophages nor
the fluorescence intensity of Hb in macrophages (Figure
S1H-I). To investigate the mechanism of Hb uptake we
used inhibitors of several cellular uptake mechanisms
including 5-[N-ethyl-N-isopropyl] amiloride (EIPA,

Fig. 1 Macrophages uptake Hb independently of CD163. A Mean fluorescence of Hb in the population of PBMC. Human PBMC were incubated
with 0.1 mg ml~! Hb-AF488 for 1 h, stained with monoclonal antibodies (a-CD14, a-CD3, a-CD56, a-CD19) and analyzed by flow cytometry. Data
from 10 donors. B Human monocyte-derived macrophages (hnMDM), PMA-differentiated THP-1 cells, murine bone marrow-derived macrophages
(mBMDM) and RAW 264.7 cells were incubated with 0.2 mg mI™" Hb-AF488 for 1 h and analyzed by flow cytometry. C-D. Flow cytometric
analysis of h(MDM after 1-h incubation with Hb-AF488 and staining with a-CD163 antibody. Representative graphs (C.) and mean fluorescence

of Hb in hAMDM (D.). Data from 3-5 donors. E Percentage of '3'I-Hb taken up by hMDM after 1-h incubation with indicated concertation of Hb

or Hb/Hp. *P < 0.05. F Mean fluorescence of Hb in hMDM. Cells were incubated with Hb-AF488 or Hb-AF488/Hp for 1 h, stained with a-CD163
antibody and analyzed by flow cytometry. Data from 3-5 donors. **P<0.01. G-H. Mean fluorescence of Hb in hMDM preincubated for 30 min
with inhibitors (25 uM 5-[N-ethyl-N-isopropyl] amiloride (EIPA), 4 uM cytochalasin D (cyt D), 20 uM nystatin, 10 uM chlorpromazine (CPZ),5 m M
2-hydroxypropyl-3-cyclodextrin (HP-B-CD) or 10 ug ml™' dextran sulfate) and then incubated for 1 h with 0.01 (G.) or 1 mg ml™" (H) Hb-AF488.n=5
donors. *P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001. Data are presented as the mean+SD
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inhibitor of micropinocytosis), cytochalasin D (cyt D,
inhibitor of actin polimeryzation), nystatin (inhibitor of
the caveolae-mediated endocytosis), chlorpromazine
(CPZ, inhibitor of the clathrin-mediated endocytosis),
2-hydroxypropyl-p-cyclodextrin (HP-B-CD, inhibitor of
the lipid raft-mediated endocytosis) and dextran sulfate
(a competitive inhibitor for scavenger receptor). EIPA and
cyt D decreased uptake of lower dose of Hb (10 pg ml™?)
and EIPA, cyt D, chlorpromazine and dextran inhibited
uptake of higher dose of (1 mg ml™?) (Fig. 1G-H) suggest-
ing that multiple mechanisms are involved in Hb uptake
of macrophages. Taken together, these results indicate
that Hb can be taken up by macrophages independently
of Hp or CD163.

Macrophages transfer Hb to neighboring cells

The canonical understanding is that macrophages take
up free Hb and degrade it to prevent the toxic effects of
free Hb and in particular heme [14, 16]. Interestingly, we
observed that a certain amount of Hb was transferred to
the neighboring cells. We incubated THP-1 macrophages
with 1 mg ml™" fluorescently labelled-Hb and then co-
cultured them with four fluorescently labelled cancer
cell lines: HeLa, MDA-MB-231, SKOV-3, and LoVo
(Figure S2A-B). Using flow cytometry, we distinguished
the cancer cell populations from the macrophages and
measured the fluorescence of Hb according to the gat-
ing strategy shown in Figure S3. After 24 h of co-culture,
we observed a clear fluorescence signal of Hb in cancer
cells (Fig. 2A-C). The cell—cell transfer of Hb was very
efficient, reaching up to 90% of Hb-positive cancer cells
over the monitored period (Fig. 2B). Based on the mean
fluorescence (MFI) of Hb in cancer cells, we concluded
that the efficiency of Hb transfer varied in different cell
lines, with the highest transfer observed in SKOV-3 cells
(Fig. 2C). We confirmed the transfer of Hb to cancer cells
by microscopy, as we observed fluorescent signals from

(See figure on next page.)
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Hb inside cancer cells after co-culture with Hb-prein-
cubated THP-1 macrophages (Fig. 2D). In addition to
THP-1 macrophages, hMDM, BMDM and RAW?264.7
cells also transferred Hb to cancer cells (Figure S4A-C).
To evaluate the dynamics of Hb transfer, we analyzed
cells from co-cultures performed for 2—48 h. Hb trans-
fer from THP-1 macrophages to SKOV-3 cells was time-
dependent and increased gradually, starting from 8%
Hb™" cancer cells after 2 h, up to 40-45% Hb™ cells after
2448 h (Fig. 2E). The efficiency of Hb transfer, expressed
as cancer cell fluorescence after co-culture, was depend-
ent on the Hb concentration during macrophage loading,
as the higher the Hb concentration, the higher the cancer
cell fluorescence (Fig. 2F). The efficiency of Hb transfer
increased with increasing cell density in co-culture (Fig-
ure S4D).

To test the importance of the source of Hb we have
compared 3 forms of Hb: fleshly isolated mouse and
human Hb together with powdered form of human Hb
used in the previous experiments. All of them were
taken up by BMDM and hMDM (Figure S4E). All Hb
variants were transferred by macrophages to cancer
cells from the respective species, with powdered form
of Hb being most efficiently transferred (Fig. 2G). We
also investigated the specificity of Hb transfer with
respect to recipient cells. We co-cultured Hb-loaded
THP-1 macrophages with cancer and non-cancer
cells (fibroblasts, epithelial and endothelial cells).
We observed a shift in the fluorescence of the recipi-
ent cells (Fig. 2H), suggesting that Hb is efficiently
transferred to normal cells, particularly epithelial and
endothelial cells. Similarly, Hb is transferred between
macrophages (Figure S4F), suggesting that this process
is not restricted to cancer cells. To test whether the Hb
transfer was a unique process, we examined the trans-
fer of other proteins, bovine serum albumin (BSA)
and human serum albumin (HSA). Flow cytometric

Fig. 2 Macrophages transfer Hb to neighboring cells. A-C. Flow cytometric analysis of cancer cells after 24-h co-culture with THP-1 macrophages
incubated previously with Hb-AF488. A Representative dot plots that present shift in fluorescence of Hb-AF488 in cancer cells B Percentage

of Hb-positive cancer cells (HelLa, MDA-MB-231, SKOV-3, LoVo). C Mean fluorescence of cancer cells. D Representative images of 24-h co-culture
of MDA-MB-231 cells and THP-1 macrophages incubated previously with Hb-AF488. Green-Hb-AF488, blue-DAPI (nuclei), red-CellTrace Far Red
(cancer cells). Scale bar=50 um. E Time course of Hb transfer: Percentage of Hb-positive SKOV-3 cells after co-culture with THP-1 macrophages
incubated previously with Hb-AF488. Co-culture was conducted for indicated periods. F Mean fluorescence of Hb in MDA-MB-231 after 24-h
co-culture with THP-1 macrophages incubated previously with different concentrations of Hb-AF488. G Percentage of Hb-positive cancer cells
(EMT6, SKOV-3) co-cultured with BMDM or hMDM that were incubated previously with freshly isolated mouse and human Hb-AF488 (fresh

mHb and fresh hHb respectively) and powdered human Hb-AF488 (hHb). H Mean fluorescence of Hb in recipient cells after 24-h co-culture

with THP-1 macrophages incubated previously with Hb-AF488. | Percentage of Hb- or BSA-positive cancer cells (MDA-MB-231, SKOV-3) after 24-h
co-culture with THP-1 macrophages incubated previously with Hb-AF488 or BSA-AF488. J Percentage of Hb- or HSA-positive cancer cells
(SKOV-3) after 24-h co-culture with hMDM incubated previously with Hb-AF488 or HSA-AF488. ****P < 0.0001. A-F, H-I. Experiments were repeated
at least 2 times and the representative results are shown. K Distribution of average diffusion coefficients for the faster component of Hb-AF568

in the cytoplasm of MDA-MB-231 cells. Predicted diffusion coefficients for various forms of Hb were marked with colored dashed lines. Data are

presented as the mean +SD
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analysis revealed that albumin was taken up by THP-1
macrophages (Figure S5A), RAW264.7 cells (Figure
S5B) and hMDM (Figure S5C). In comparison to Hb,
BSA or HSA was almost not transferred from these
macrophages to cancer cells (Fig. 21,] Figure S5D-E).

To better understand the phenomenon of Hb transfer
and the fate of Hb in cancer cells, we used fluorescence
correlation spectroscopy (FCS). FCS is a method that
allows studying the cellular uptake of a molecule into a
living cell by measuring its diffusion coefficient in the
cellular interior. It is based on a cytoplasmic viscosity
model for different length scales [18—21]. Utilizing this
model and knowing the hydrodynamic radius of the
probe, it is possible to predict the diffusion coefficient
in the cytoplasm. FCS is sensitive to fluorescence fluc-
tuations of mobile molecules, and the shape of the FCS
autocorrelation curve reflects the diffusion regime [18,
31]. By ECS, we determined which form of Hb was pre-
sent in the cytoplasm of cancer cells after the transfer
from macrophages (Figure S6A). Firstly, free Hb-Alexa
Fluor 568 was analyzed in solution to measure the
hydrodynamic radius of the Hb monomer, dimer, and
tetramer. We obtained 1.85 nm, 2.15 nm, and 2.77 nm,
respectively (Table S1). These values are similar to
those obtained using dynamic light scattering (DLS)
for unlabeled Hb oligomers, which are 1.58 nm,
2.11 nm and 2.81 nm, respectively [32]. The predicted
diffusion coefficients of these three forms of Hb were
calculated based on the length-scale dependent vis-
cosity model [19, 21]. Fluorescence fluctuations were
then measured in the cytoplasm of MDA-MB-231 cells
after 6 h of co-culture with macrophages preincubated
with Hb-Alexa Fluor 568. Examples of the obtained
ECS signal and autocorrelation curve with a free dif-
fusion model fit are shown in Figure S6B-C and S6D,
respectively. The presence of the free AF568 dye was
neglected based on the diffusion coefficients (Fig. 2K,
Table S1). The diffusion coefficients of the detected
components were heterogeneous and corresponded
to monomers, dimers, and tetramers (Fig. 2K). The
median value obtained corresponded to the tetramer
radius obtained in vitro, suggesting that a tetramer is
a predominant form of Hb in the cytoplasm of can-
cer cells after transfer. We also observed an additional
component with a low diffusion coefficient and large
variability in the range of 3 um?s~! to 0.0001 um?s~'.
These values are characteristic for the diffusion coef-
ficient of small membrane structures and the active
transport of endosomes. This suggests the binding of
Hb to the membranes of vesicles. In conclusion, Hb is
transferred from macrophages to non-cancer and can-
cer cells mainly in tetrameric form, and this process is
protein-selective.

Page 11 of 21

Hb is transferred in extracellular vesicles

To study mechanism of Hb transfer from macrophages,
we firstly investigated role of several factors engaged in
intracellular trafficking and cell mobility. We observed a
decreased percentage of Hb-positive cancer cells when
co-culture was conducted in the presence of brefeldin A
or monensin (Figure S7A) suggesting the involvement of
intracellular protein and vesicular transport machinery
in Hb transfer. Inhibition of actin filament polymeriza-
tion using cytochalasin D (cyt D) or latrunculin B (lat B)
almost completely blocked Hb transfer (Figure S7B). In
contrast, inhibition of microtubule polymerization using
nocodazole (NOCO) reduced the percentage of cancer
cells receiving Hb by 41% in MDA-MB-231 cells and by
30% in SKOV-3 cells (Figure S7B). Since actin is involved
in many cellular processes, we then investigated selected
factors that mediate actin polymerization. Results were
not conclusive except of ROCK inhibitors that signifi-
cantly increased the percentage of Hb-positive cancer
cells after co-culture with THP-1 macrophages (Figure
S§7C). Taken together, the proper function of the actin
cytoskeleton is required for the Hb transfer, whereas
microtubules play a less crucial role.

One of the mechanisms of intercellular communication
in which actin plays an essential role is the formation of
tunneling nanotubes (TNT) [33]. Using confocal micros-
copy we observed TNT-like actin structures, however
Hb was rarely present in them (Figure S8A). TNTs are
sensitive to mechanical stress, so the formation of TNTs
is disrupted by gentle shaking [34, 35]. The efficiency
of Hb transfer from THP-1 macrophages to SKOV-3 is
not reduced by mechanical stress, however, Hb transfer
to MDA-MB-231 cells is slightly reduced under shak-
ing suggesting the importance of TNTs in Hb transfer
to these cancer cells (Figure S8B). To better understand
the importance of TNTs in the transfer of Hb to MDA-
MB-231, we determined the influence of the M-Sec
protein on Hb transfer. M-Sec has been described as a
regulator of TNT formation in macrophages and can-
cer cells [36—38]. Downregulation of M-Sec did not sig-
nificantly affect Hb transfer (Figure S8C-D). The above
results suggest that TN'Ts only contribute to Hb transfer
to a minor extent.

We then investigated whether Hb was secreted into the
culture media and then taken up by the recipient cells.
After incubation with fluorescent Hb for 1 h, THP-1
macrophages were cultured for 24 h, then the medium
was collected, centrifuged to remove cells, and trans-
ferred to cancer cells for 24 h. Flow cytometric analysis
revealed a shift in fluorescence of cancer cells incubated
with THP-1 conditioned-medium (Fig. 3A-C), dem-
onstrating that Hb is secreted from THP-1 cells and
taken up by cancer cells from the medium. As a control,
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Fig. 3 Hbis transferred in extracellular vesicles A-C. Flow cytometric analysis of cancer cells after incubation with medium collected from 24-h
culture of THP-1 macrophages incubated previously with Hb-AF488, medium collected from 24-h co-culture or control medium. As a control,
cancer cells from co-culture were shown. A Representative histograms. B Mean fluorescence of Hb in cancer cells. C Percentage of Hb-positive
cancer cells. D-G NTA analysis of particles isolated from medium collected from THP-1 macrophages incubated previously with Hb or Hb-AF488.
D. Number of particles collected in SEC fractions 4-6. E. Number of particles collected in fraction no. 5. F. Size of particles collected in fraction

no. 5. *P<0.05, ***P<0.001. G Percentage of fluorescent particles in fraction no. 5. H Flow cytometric analysis of cancer cells incubated for 24 h
with EVs (fraction no. 5) from medium collected from THP-1 macrophages incubated previously with Hb-AF488. Histograms represent the shift
in fluorescence of cancer cells. A-C and H. Experiments were repeated at least 2 times and the representative results are shown. D-G. Data pooled
from 3 independent experiments. Data are presented as the mean+SD

fluorescence of cancer cells after co-culture and fluo- THP-1-conditioned medium and a conditioned medium

rescence of cancer cells incubated with a medium taken
from co-culture were shown. There was no difference in
mean fluorescence between cancer cells incubated with a

obtained from THP-1/cancer cell co-culture, indicating
that cancer cells are not required for Hb release from
THP-1 macrophages.
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Hb transfer is less efficient when serum is present in the
co-culture media (Figure S9A). In addition, Hb transfer
was inhibited when co-cultured cells were separated by a
membrane with 1 pm (Figure S9B-C) suggesting a mech-
anism related to direct cell-to-cell contact. However,
such experiments should be interpreted circumspectly
since according to literature TNT may penetrate mem-
branes through pores, and on the other hand, the trans-
fer of vesicles can be reduced by 85% [39]. Furthermore,
inhibition by a physical membrane indicated that Hb was
not transferred as a free protein, but inside larger parti-
cles. Therefore, we investigated the role of extracellular
vesicles in Hb transfer. First, we co-cultured cancer cells
with THP-1 macrophages stained with the lipophilic dye
DiD, which is used to track vesicles [40], and observed a
shift in fluorescence of cancer cells (Figure S9D), indicat-
ing the transfer of vesicles from macrophages to cancer
cells.

We then analyzed conditioned medium collected from
THP-1 macrophages incubated with unlabelled Hb or
fluorescently labelled Hb and then cultured for 24 h. We
isolated extracellular vesicles by size-exclusion chroma-
tography (SEC). Nanoparticle Tracking Analysis (NTA)
was used to measure the concentration and size of the
particles. Particles were observed in fractions 4—6, with
the highest concentration in fraction no. 5 (Fig. 3D) and
there was no difference in the number of particles pro-
duced by cells incubated with unlabelled Hb compared to
cells incubated with fluorescently labelled Hb (Fig. 3D).
Hb-treated cells released approximately 24 times more
particles than control THP-1 macrophages (counted
in fraction no. 5) (Fig. 3E). Particles from fraction no. 5
released by THP-1 incubated with unlabelled Hb or Hb
had an average size of 137 nm and 132 nm, respectively,
and were slightly smaller than particles released by con-
trol THP-1 macrophages (average size 143 nm) (Fig. 3F).
To verify that the measured particles contained lipids, we
stained the fractions with the lipophilic dye Cell Mask
Deep Red (CMDR). The size distribution of particles
labelled with CMDR was similar to the size distribution
measured in scatter mode (Figure S10A). These results
suggest the presence of the membrane in the enriched
particles. Knowing that the culture medium (without
serum) is free of lipoproteins, we concluded that the
enriched particles are EVs. Using NTA, we measured that
on average 30% of the EVs collected and enriched from
fHb loaded THP-1 were fluorescent for AF488 (Fig. 3G).
The size distribution measured in scatter mode over-
lapped with the size distribution measured in fluores-
cence mode, meaning that fluorescent EVs were similar
in size to EVs (Figure S10A). To characterize EVs, we
performed bead-based flow cytometry. Using beads, we
captured particles expressing classical tetraspanins (CD9,
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CD81, CD63) and then we stained them with antibod-
ies against CD9, CD81, and CD63. We observed that
enriched particles expressed CD9, CD81, and CD63 (Fig
S10B), but the fraction of EVs expressing these selected
tetraspanins did not contain fHb, as there was no shift
in fluorescence (Figure S10C). Finally, we applied the
enriched EVs to cancer cells and incubated them for 24 h.
Flow cytometric analysis of cancer cells revealed a dose-
dependent shift in fluorescence of both SKOV-3 and
MDA-MB-231 cells indicating uptake of fluorescent Hb-
containing EVs by cancer cells (Fig. 3H).

To characterize the molecular cargo of EVs we per-
formed proteomic analysis of EVs released from cells
incubated with Hb and control cells. We found that
approximately 45% of all proteins identified were com-
mon to EVs released from control and Hb-treated cells.
631 proteins were found exclusively in EVs from Hb-
treated cells and 130 proteins were found exclusively in
the control EVs (Fig. 4A). Differential expression analy-
sis revealed proteins that are more abundant in EVs
released from Hb-loaded cells, one of which is the beta
subunit of Hb (Fig. 4B). Proteins upregulated in EVs from
Hb-treated cells were evaluated for potential functional
insights. Pathway overrepresentation analysis revealed
many enriched pathways (Figure S11A) including RNA
processing, protein metabolism, cell cycle, chromatin
organization, and cell development. To characterize EVs
we focused on membrane proteins. The Uniprot data-
base was searched for potential membrane-associated
proteins using the Uniprot keywords (cell membrane—
KW1003, membrane—KW0472, secreted—KW0964).
A total of 858 Uniprot surface proteins were detected in
all samples, of which 537 surface proteins were quanti-
fied in at least 2/3 of all samples. Approximately half
(52.6%; 287 proteins) were detected in both groups,
14.3% (78 proteins) were found only in controls and one-
third (33.2%; 181 proteins) were specific for EVs isolated
from Hb-treated cells (Figure S11B). To extract proteins
that best discriminated between Hb-treated THP-1
macrophages and controls, a simple two-group linear
discriminant analysis (LDA) was performed and the top
proteins, based on positive/negative weight scores, were
selected for hierarchical clustering. Most of the selected
proteins showed a significant difference in abundance
(Table S2). Next, the cell surface proteins detected only
in EVs from Hb-treated THP-1 macrophages were evalu-
ated for potential functional insights (Fig. 4C). Pathway
overrepresentation analysis revealed 48 enriched path-
ways. Many of the over-represented pathways involve
various components of vesicular transport and secre-
tory pathways, including COPI-dependent transport.
This suggests that macrophages secrete different types
of EVs upon loading with Hb, with vesicle composition
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Table 1 List of questions addressed throughout the manuscript, along with corresponding counterarguments

Tested hypothesis

Arguments against

Is Hb taken up by all macrophages?

Is Hb uptake independent of haptoglobin?

Could Hb be transferred from macrophages to cancer cells?

Is Hb transferred from macrophages by EV?

Could Hb transfer from macrophages be translated into drug delivery?

Not all macrophages have membrane expression of CD163
Haptoglobin was shown to be necessary for Hb upake by macrophages
No earlier observations of this process

Why cytoplasmic Hb would be secreted from macrophages?

Challenge of effective dose delivery in combination with Hb degrada-
tion by macrophages

characteristic of secretion and COPI-dependent intracel-
lular vesicle transport (Table 1).

Cytotoxic efficacy of Hb-MMAE-loaded macrophages

To investigate whether the phenomenon of Hb transfer
could be exploited as a cancer therapy, we generated a
cytotoxic Hb conjugate. Hb was conjugated with mono-
methyl auristatin E (MMAE) linked by a lysosomally
cleavable dipeptide valine-citrulline (vc) fragment. This
moiety binds to thiol groups present on cysteines of Hb
beta subunits. Mass spectra confirmed that both alpha
and beta subunits were successfully conjugated with
MMAE (Figure S12A). The beta subunit was slightly more
susceptible to conjugation, leaving no free (unconjugated)
fraction and attaching up to 3 molecules of MMAE per
subunit (up to 2 molecules in the alpha subunit, for com-
parison). The conjugation efficiency was calculated from
the UV-Vis spectrum, presented as the drug-to-protein
ratio was 2.3. Native-PAGE showed no degradation of
Hb after conjugation (Figure S12B). Next, BMDM were
loaded with increasing concentrations (7-500 pg ml™!)
of Hb-MMAE, and co-cultured with EMT6 cancer
cells for 48 h or 72 h. Already at 48 h of co-culture with
BMDM-Hb-MMAE a very high cytotoxicity towards
EMT6 was observed (Fig. 5A). Cytotoxicity diminished
with decreasing concentrations of Hb-MMAE used for
BMDM loading (Fig. 5A). Loading with Hb-MMAE also
decreased the viability of co-cultured BMDM, a dose
effect was very clear and there was almost no difference
between 48 h or 72 h (Figure S12C). Also, human mac-
rophages (THP-1) loaded with Hb-MMAE (1 mg ml™)
showed very robust cytotoxicity for co-cultured human
MDA-MB-231 and SKOV-3 cancer cells (Fig. 5B-C). The
equivalent concentration of unconjugated Hb had only a
transient inhibitory effect on viability of MDA-MB-231
cells at 48 h, and no effect on SKOV-3 cells. In contrast
to BMDM, viability of THP-1 cells was not significantly
decreased by Hb-MMAE or Hb loading (1 mg ml™?) in
both coculture conditions (Figure S12D-E). Using pri-
mary hMDM from two different donors and loading with
a moderate concentration of Hb-MMAE (0.1 mg ml™?),
a very robust and repeatable cytotoxicity effect was

observed even at E:T ratio of 0.125:1 (Fig. 5D-E). The
numbers of hMDM recovered at the end of the experi-
ment reflected the numbers seeded (Figure S12F-G).
Moreover, we found that macrophages loaded with Hb-
MMAE increase expression of CD86 (Figure S12H) and
do not increase CD206 (Figure S12I) expression on their
surface, suggesting acquiring of M1-like phenotype. All
these results indicate that macrophages could be used as
cellular carriers of cytotoxic conjugates of Hb.

Discussion

Canonically, cell-free Hb is bound to the plasma protein
Hp and scavenged by the CD163 receptor on mono-
cytes/macrophages [15]. Following endocytosis by mac-
rophages, Hb is degraded in lysosomes to heme and
globin, which is cleaved to amino acids. Heme is con-
verted by the cytosolic enzyme heme oxygenase-1 (HO-
1) to antioxidant and anti-inflammatory metabolites:
biliverdin, CO, and ferrous iron [14, 16, 29]. Rapid clear-
ance and degradation of Hb are crucial to prevent cellular
damage and inflammation leading to various pathologies,
that are caused by the oxidative properties of heme [29,
30]. In this study, we showed, for the first time, that Hb
can be taken up by macrophages independently of Hp/
CD163 and we described a new, alternative pathway of
Hb processing in macrophages, namely its transfer to
neighboring cells, involving the secretion of EVs.

We have demonstrated that Hp and CD163 are not
required for Hb uptake as shown by several different
approaches. First, in all experiments we incubated mac-
rophages with Hb in a medium without serum (a poten-
tial source of Hp), and the addition of serum or pure Hp
generally did not increase Hb uptake. Second, some of
the investigated macrophages that took up Hb did not
express CD163 mRNA, or expression was low. Further-
more, in the case of macrophages expressing CD163,
both CD163* and CD163~ populations of macrophages
took up Hb. The independence of Hp-Hb complex forma-
tion for Hb uptake by CD163 was first shown by Schaer
et al. [30] They also showed that CD163™ cells do not
take up Hb [30], although it was concluded based on an
experiment performed on CD163-transduced HEK293,
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not on macrophages, which unlike HEK293, are profes- indicate that only a fraction of hMDM express CD163.
sional phagocytic cells capable of all types of endocytosis.  CD163" macrophages took up Hb more efficiently than
Moreover, in the study by Schaer et al. CD163 expres- CD163~ macrophages, but CD163~ made up most of the
sion on macrophages was shown as mean fluorescence, population responsible for Hb uptake. The uptake of Hb
and is therefore not comparable to our results, which by macrophages in our experiments may differ from the
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canonical and more physiological situation, due to the Hb
concentration used in the experiments. Physiologically,
Hp saturation occurs when Hb is 0.5-1.5 mg ml™", [41]
Schaer et al. showed that the presence of Hp improves
Hb uptake by macrophages at low Hb concentrations
(1 pg ml™! and 10 pg ml™), but not at Hb concentrations
of 100 pg ml™* and higher [30]. In our experiments we
did not see such a correlation, Hp increased Hb uptake
by macrophages derived from certain donors, but it was
not ubiquitous. Nevertheless, we can conclude that the
Hb uptake independent of Hp/CD163 may represent
a complementary mechanism to canonical Hb clear-
ance, which may be of great importance during massive
hemolysis or at sites of injury. The phenomenon of Hb
release from macrophages may occur under some non-
physiological conditions as the concentration of Hb used
in the experiments (0.1 mg ml™) refers to concentra-
tions of free Hb observed during hemolysis, for example
in sickle cell disease (0.01-0.41 mg ml™?!), or paroxys-
mal nocturnal hemoglobinuria (0.5-2 mg ml™! and even
10 mg ml™! during crisis) [42]. Extracorporeal mem-
brane oxygenation (ECMO) therapy causes hemolysis,
which can be defined as mild (<0.5 mg ml™"), moderate
(0.5-1.0 mg ml™"), or severe (>1.0 mg ml™!) depending
on the free Hb concentration [43]. Free Hb concentra-
tions of 10-20 mg ml~! have been reported in critically
ill patients [44]. In humans, unbound Hb has a lower
affinity for the CD163 receptor than the Hb-Hp complex
[30]. In contrast to humans, Hp does not promote bind-
ing to the CD163 receptor in mice [13], but on the other
hand, Hp deficiency in mice increases tissue damage after
hemolysis [45]. In addition, CD163-deficient mice have
only slightly delayed clearance of Hb [13] and have tem-
porally smaller lesions early after intracerebral hemor-
rhage [46], suggesting the existence of Hb detoxification
mechanisms other than Hp/CD163. An example of such
a mechanism is the binding of Hb by soluble CD163 and
IgG (Hb-sCD163-IgG) and subsequent uptake of com-
plexes by macrophages and endothelial cells through
FcyR [47]. Other known receptors for Hb are F1-ATPase
on hepatocytes [48], megalin and cubulin in renal prox-
imal tubules [49]. It is very likely that macrophages
use another receptor for Hb uptake, e.g. a scavenger
receptor other than CD163, and that they use multi-
ple mechanisms simultaneously. It is worth mentioning,
that differences in the mechanisms of Hb detoxification
between humans and mice require caution when extrap-
olating the results of Hb studies from mouse models to
humans [50].

All studied macrophages (primary cells and cell lines,
human and murine) were shown to be able to transfer Hb
to neighboring cells, indicating that the observed pro-
cess can be defined as a common phenomenon. We have
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described a more detailed transfer from macrophages to
cancer cells, but this route is not unique as Hb is trans-
ferred to non-cancer cells as well. In the present study,
Hb transfer is protein specific, as albumin, which is also
readily taken up by macrophages, is not transferred to
cancer cells under the same conditions as Hb. Using flow
cytometry, we observed a rapid and efficient transfer of
Hb from macrophages to neighboring cells. We further
confirmed this observation by microscopy and FCS.
Using the second approach, we found the presence of
monomers, dimers, and tetramers of Hb in the cytoplasm
of recipient MDA-MB-231 cells, but the tetramer was a
dominant form of Hb. FCS allows us to distinguish pro-
tein-fluorochrome conjugates from pure fluorochrome
based on its size, so we are confident of protein transfer.

Although Hb loading was performed at high concen-
trations in most experiments, its transfer also occurs
at~100xlower concentrations, as shown by FCS analy-
sis. We have shown the transfer of a specific protein,
however, but we have not excluded the simultaneous
transfer of other proteins within vesicles, as vesicle trans-
fer allows the transfer of several proteins [51].

Due to the unconventional nature of Hb transfer, we
investigated its mechanism and we found that Hb is
mainly transferred via extracellular vesicles. First, we
observed Hb binding to structures resembling intracellu-
lar vesicles in recipient cells using FCS. Second, we dem-
onstrated the transfer of Hb via a conditioned medium,
suggesting that Hb is released from macrophages and
then taken up by recipient cells. Finally, we isolated EVs
from a conditioned medium collected from macrophages
previously incubated with Hb and found that approxi-
mately 30% of EVs released from macrophages contained
fluorescently labelled Hb, and that EVs administered to
recipient cells were efficiently taken up.

Given the presence of iron in the Hb molecule, the
fact that iron is recycled in the body and that mac-
rophages play a key role in this process, we propose that
Hb release and transfer may be involved in maintaining
iron homeostasis. Iron is mainly exported from cells via
ferroportin, but the release of ferritin or heme may be
alternative routes [52—54]. Macrophages are the major
source of ferritin and ferritin release is increased after
erythrophagocytosis or iron administration [55, 56].
Ferritin is released in exosomes and by the nonclassical
secretory-autophagy route [57]. Similarly, Hb is released
from macrophages into extracellular vesicles. Ferritin
release, like Hb release, is not fully understood. How-
ever, ferritin secretion appears to be important for local
iron redistribution, particularly between cells specialized
in iron acquisition (macrophages), iron storage (hepato-
cytes), and iron consumption (erythroid precursors) [55],
as ferritin is directly transferred from macrophages to
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erythroid precursors under low transferrin conditions
[58]. In addition, ferritin released from macrophages is
taken up by hepatocytes [59]. Notably, ferritin transfer
occurs in the brain, where microglia secrete ferritin as
an essential source of iron for oligodendrocytes [60]. and
oligodendrocytes release ferritin as free protein and in
extracellular vesicles, which serves as a neuroprotective
mechanism [61]. On the other hand, the release of iron-
containing Hb may protect macrophages from Hb/iron/
heme overload and ferroptosis, and cell death resulting
from lipid peroxidation caused by generated reactive oxy-
gen species [62]. The secretion of Hb into EVs may also
reflect the state of macrophages, as the quantity and com-
position of EVs released from Hb-treated macrophages
differed from control EVs according to the results of pro-
teomic analysis. It has been shown that stressed cells or
cells undergoing inflammation/infection alter the protein
profile of EVs [63—-65]. Similar to our results, the abun-
dance of proteins related to transcription, translation and
histones was previously observed in EVs released from
cells exposed to LPS [66, 67]. It can be speculated that
the composition of EVs may serve as a danger signal to
neighboring cells.

We exploited the process of Hb transfer as a cell-based
anticancer drug delivery tool. First, we developed a con-
jugate of Hb and the anticancer drug MMAE that was
loaded into macrophages. Such macrophages effectively
kill cancer cells when co-cultured. What interesting, such
macrophages acquired an M1-like phenotype, which can
be beneficial owing to the antitumor activity of M1 mac-
rophages. The system presented here is completely novel,
but each component has been previously studied in the
context of drug delivery. Macrophages have emerged as
cell-based vehicles for drug delivery due to their migra-
tory properties and phagocytic nature, which allows
them to internalize a large amount of cargo [1]. Various
cargos have been studied in the context of macrophage
delivery, including gold nanoshells for photothermal
treatment of glioma, oncolytic viruses targeting prostate
cancer, paclitaxel-loaded nanoparticles, melanoma-spe-
cific therapeutics, nanoparticle-encapsulated PLX4032,
and doxorubicin [68-72]. The therapeutic potential of
EVs is also being extensively investigated due to their
role in intercellular communication, low immunogenic-
ity and ability to be engineered [73]. EVs-based thera-
pies exploit the innate biological activity of EVs, as in
regenerative medicine of the liver or heart [74, 75]. In
addition, EVs are exogenously loaded with various mol-
ecules including cytostatic drugs, miRNA, siRNA, and
enzymes [76]. An especially interesting example involves
erythrocyte-derived EVs, which were used to target mac-
rophages in atherosclerotic lesions in mice [77]. Like
other iron-binding proteins, Hb was investigated for
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drug delivery [78]. Hb has been conjugated to ribavi-
rin for hepatitis C, to dichloroacetic acid (DCA), and to
floxuridine for anticancer therapy [79-81]. In addition to
conjugation, a drug can be entrapped in a heme pocket
as has been shown for paclitaxel [82]. Moreover, Hb
and doxorubicin-loaded liposomes with Hb on the sur-
face have been tested in the therapy of hypoxic tumors
[83]. Of note, Hb conjugate with floxuridine (TBI 302)
is being tested in clinical trial in patients with hepato-
cellular carcinoma (NCT03908840). MMAE is a very
potent antimitotic agent, an inhibitor of tubulin polym-
erization. Since its potency is at the level of nanomoles,
which leads to high toxicity, it is used only in the conju-
gated form in antibody—drug conjugates (ADCs) [84, 85].
Most of the MMAE-containing ADCs have a cathepsin
B-cleavable linker (valine-citrulline [vc]) the same that
we used when conjugating MMAE to Hb [86]. veMMAE-
ADCs showed better iv vitro efficacy and lower in vivo
toxicity than hydrazine linkers [87]. However, ADC with
MMAE linked by ionized cysteine was shown to have
better safety, stability and lower bystander effect [84].
Interestingly, in addition to cytotoxic activity, MMAE has
been shown to sensitize cells to radiation-mediated cell
damage, resulting in anti-tumor immune response and
memory-improving immune checkpoint therapy, which
is an added value [88]. In our approach, Hb-MMAE is
shielded by both mouse and human macrophages that do
not degrade it and effectively transfer it to kill cancer cells
in vitro.

Conclusions

Taken together, our results indicate that macrophages
can take up Hb independently of Hp/CD163. Instead of
being degraded, a significant proportion of Hb is released
from macrophages, mainly in extracellular vesicles. The
released Hb is then taken up by cells in the vicinity of the
macrophages. The process described has the potential to
be used as a cellular drug therapy.
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