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6 Introduction

1  Introduction
1.1. Liquid biopsies in Cancer

1.1.1. History of liquid biopsies in Cancer

The history of liquid biopsies in cancer is funded on a historical misunderstanding
through many decades how the term liguid biopsies is actually defined vs. how it has
been used nowadays as outlined by Todd M. Morgan in his review article from 2018
and by others. Dr. Morgan made his point that defining “what constitutes a liquid
biopsy is important here.” 1. Furthermore, he wrote, that “[t]he term biopsy implies
direct measurement of a tumo[u]r, so the liquid biopsy marker should be restricted to
tests with specificity approaching that of a tissue biopsy”. In the light of this
definition, it’s practically impossible to use the term liquid biopsies in association
with extracellular vesicles (EVs) if going in line with Dr. Morgan. Probably, it should
be substituted with the term personalized cancer diagnostics, or as Dr. Morgan
suggested, “...the term liquid biopsy is becoming as commonplace as precision

medicine, “’that's because it probably is.” 1.

Despite this interesting opinion, the majority of experts and their countless expert
reviews including our own, original research titles and other peer-reviewed
publications are still using and accepting the term liguid biopsy to define biomarkers
that are non-invasive (urine sample, smear) or minimal-invasive (puncture to draw

blood) to associate with patients’ health condition, present, past or prognostic 2.

One of the oldest reports on liquid biopsy that was published and is matching the
widely used definition and isn’t a biopsy in the light that patient’s cell tissue was
obtained and then eventually further cultured and finally analysed accordingly as
done 1966 by Wichelhausen RN et al. 3, was eventually published 1990 and from far
bigger ramification. Where Partin AW and colleagues reported the quantitative
assessment of prostate specific antigen (PSA) in serum samples in association with
prostate cancer tumour volume and differentiation and as benign prostatic hyperplasia
volume 4. Interestingly, at that time the authors reported discrepancies between
pathological stage and serum PSA that might be explained by a decrease in

production of PSA with increasing histological grade according to authors of this
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study. Few years later, 1991, the study results were repeated on a broader scale and
published in New England Journal of Medicine, a highly respected and very
influential clinical peer-review journal, hence, eventually becoming the gold standard
in prostate cancer screening via a liquid biopsy 5. Going in line, 1994, US Food and
Drug Administration (FDA) approved PSA in conjunction with a digital rectal exam
(DRE) to test asymptomatic men for prostate cancer 6. PSA is potentially one of the
first liquid biopsy marker as approved by the FDA. And probably a story of success

saving countless of men lives.

Another liquid biopsy cancer biomarker was once regarded to be the one that might
bring screening and diagnosis in case of hepatocellular carcinoma (HCC) to another
level. This biomarker was even recommended to be included to several international
and national guidelines as provided by various organizations as the American
Association for the Study of Liver Disease (AASLD) and the European Association
for the Study of the Liver (EASL) besides others 7-9 at that time. Due to the
promising results, the 2003 HCC guidelines from the British Society of
Gastroenterology recommended both this biomarker and abdominal ultrasound for
HCC diagnosis 10. During the course of using this biomarker, several concerns
regarding sensitivity and specificity and usefulness of cut-off values appeared, so that
finally this marker was soon questioned and eventually dropped for HCC screening
and wasn’t recommended anymore until today by AASLD or EASL 11-13. The name
of this promising biomarker was Alpha-fetoprotein (AFP). As indicated and very
unfortunately, since it has been shown that AFP is relatively insensitive as it is only
elevated in 40-60% of HCC cases, thus HCC patients exhibit normal AFP serum
levels, particularly during early stage disease 14-15. Additionally, AFP levels can also
be found elevated in non-HCC patients, including non-cancerous chronic liver
diseases, intrahepatic cholangiocarcinoma and metastatic colon cancer 16. In sum
clinical practice guidelines do not recommend AFP (or any other biomarker for that
matter) for the diagnosis of HCC 12. However, we could demonstrate that AFP’s
limitations could be successfully substituted by utilizing dedicated large extracellular
vesicle (IEVs) populations as published, some partially tumour derived or at least
associated with liver progenitor cells by taking synergistic gains of both liquid biopsy

cancer biomarkers 17 (in detail discussed in results part).
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Besides these two proteins based liquid biopsy cancer biomarkers, some other
methodical interesting liquid biopsy biomarker in cancer were actually studied, being
somehow non-invasively taken as cervical smear that is routinely assessed and used
to explore feasibility of experimental use of those samples for DNA testing using
both Digene Hybrid Capture assay (DHCA) and polymerase chain reaction (PCR)
techniques at that time, 2001, to detect high-risk human papillomaviruses (HPVs)
DNA 18. From nowadays perspective probably to be regarded as another milestone

in liquid biopsy in cancer.
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Figure 1: Liquid biopsy in HCC. Various forms of liquid biopsy, aiming at different tumour tracers,
have been investigated in HCC. Some still not commercially available or approved for HCC, or are
still under experimental research, including cell-free DNA and cell-free RNA (cfDNA and cfRNA,
respectively), circulating tumour cells (CTCs), extracellular vesicles (EVs), and metabolomics. Figure

published in J Clin Med by us 2.

Especially in the last 1 4 decades, liquid biopsy biomarker in cancer took another
spin, another boost by taking advantage of novel tracers of various tumours that might
be potentially successfully utilized as summarized in figure 1. One of this liquid

biopsy biomarker in cancer are circulating tumour cells (CTCs) as in detail outlined
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in upcoming paragraph 1.1.2. and extracellular vesicles (EVs), paragraphs 1.1.3. and
1.1.4.. Both are somehow ancestors of the tumour mass itself, directly, being a tumour
cell as CTCs are or indirectly, as being derived from a tumour cell as EVs are. One
of the main differences between both markers is from numeric nature. Large
quantities of tumour derived EVs vs. relative very low numbers of CTC. Therefore,
we speculate that EVs might be considered as a multiplier in numbers compared to
CTCs, and that EVs might be superior in liquid biopsy cancer screening and

identification of the underlying cancer entity.

In the following paragraphs two of those, CTCs and EVs, will be introduced in depth

since both are sharing some interesting common features regarding their analysis.

1.1.2. CTCs, a liquid biopsy in use

Circulating tumour cells (CTCs) are commonly a subset of malignant cells, that are
typically disconnected from their primary tumour and circulating in peripheral blood
of cancer bearing patients. CTCs can be phenotyped according their surface antigen
status or analysed at their expression-, protein- and genomic level allowing their
assessment of their dynamic status of the respective patients at different cancer stages
and cancer heterogeneity 1920. Noteworthy, CTCs were first time described by
Ashworth TJ in 1869 in blood of a metastatic cancer patient indicating their role in
cancer spread and by doing so paving the ground for modern CTC based diagnostics
21. Noteworthy, rarely, CTCs may also appear in premalignant conditions, under
conditions where “potential” CTCs were detected without any molecular proof of
malignancy at this stage 22. Nowadays, CTCs are regarded to be one of the most
prominent kinds of liquid biopsy and their enumeration offers a simple, highly
standardized and vigorous way to do precise medical disease pre-diagnosis,
prognosis, and therapy response assessment 19:23-24. Several applications in various
tumour entities had been published so far. Some of those, very compelling and
therefor from readers interest and some are showing interesting conceptional
extensions of the common CTC diagnostic routine. The authors covering certain
aspects how CTCs could be potentially applied in pre-diagnosis, prognosis, and

therapy response assessment have summarized those.
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Considering the blood micro-environment in which CTC circulating, it is quite
challenging to find a viable CTC maker to eliminate interference of billions of white
blood cells, non-malignant endothelial cells, stem cells, or other blood cells as
erythrocytes, thrombocytes, leucocytes etc.. This CTC marker/s should be at best
located on the CTC cell membrane, therefore easily accessible and robust enough
expressed on those CTCs without pathological inhibition. In other words, its
shouldn’t be present non-malignant cells, for example, epithelial markers which
could be absent on mesenchymal cells but presented on cancer cells or vice versa,
depending if CTC will be positive or negative selected 25. Newer CTC capturing
strategies are either based on their physical properties as size (ISET: isolation by size
of epithelial tumour cells) 26, as elasticity and deformability 27 and others that aren’t
depending on their surface tumour specific antigen profile. Therefore CTC isolation
can be generally divided into label and label-free detection as reviewed in depth by
Habli Z. et al. 27. Independent of such methodical advantages, the most established
and most robust CTC capture methodology is probably the immunobead assay using
epithelial cell adhesion molecules (EpCAM, CD 326) to select EpCAM" CTCs
(positive selection) and simultaneously to exclude CD45" white blood cells (negative
selection) 28. Keeping in mind that 1995 Gross H.J. et al. demonstrated that utilising
flow cytometry could in fact discriminate rare cancer cells from other cells in blood
and bone marrow introducing the usage of CD45 and “multiple markers, each
identified by a separate colour of immunofluorescence (yellow and two shades of red)
tri fluorochromes” 29. At that time a remarkable achievement in flow cytometry.
Approximately one decade later, finally, in 2004 the CellSearch™ system was
introduced and first data in Clinical Cancer Research published 28. The CellSearch™
system, as an only Food and Drug Administration (FDA)-cleared immunobead assay
detecting EpCAM*CK*CD45- CTCs has been designed to enumerate the number of
CTCs in 7.5ml of whole blood under the assumption that under non-pathological
conditions EpCAM*CK*CD45- cells will be not present in the peripheral blood. The
sensitivity exceeds 90% in metastatic breast, in metastatic prostate, and in metastatic

colorectal carcinoma studies 28. Currently, the CellSearch™

is still regarded as the
gold standard by many experts in the field. Typically, in brief, CTCs will be captured,

enriched, and fluorescently stained by the automated autoprep system, and last
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enumerated by the semi-automatic CellSpotter Analyzer 28 30.

To date, inclusion of CTCs in clinical assessments for management of colorectal and
breast cancers has not been accepted by the American Society of Clinical Oncology
(ASCO) Tumour Marker Guidelines Committee. In 2007, CTCs and disseminated
tumour cells (DTCs) were just cited in ASCOS’s recommendations on cancer
markers 31. On the contrary, lately, the American Joint Committee of Cancer (AJCC)
proposed a new category for TNM staging in breast cancer MO(i+) as defined by
CTCs or DTG, if evidences of distant metastases are missing 32. Likewise, no other
committees recommended CTC to diagnose cancer or make therapy decisions, but
still possible all phases of CTC cancer guidelines will be formulated following the
advantage of mature CTC techniques in the near future 33. Reasons might be
manifold, limited possibility to detect cancer at an early time point under caveat of
cancer screening. Some speculated that heterogeneity of clinical studies regarding
patients/CTC donor selection might play a role asking for CTC guideline (CTC
Guide) on study design and study report 33.

1.1.3. A brief overview of history of extracellular vesicles

54 years ago, 1967, Wolf P described something like as ‘platelet dust’ as a trivial by-
product of cell degradation in his preparations 34. His electron microscopic data
revealed lipid-rich particles that may originate from the osmophilic granules of
platelets and interestingly the “liberation of this material” as he called, is the result of
‘activation’ 34. Nowadays, we call them extracellular vesicles (EVs) and typically
activation is one of the major mechanisms in vivo and in vitro besides others to induce
the release of small EVs (sEVs) or large EVs (IEVs) 35. 2011 we published that the
induction of IEVs-release by various mechanisms as donor cell activation, as
induction of apoptosis in donor cells might eventually result in IEVs differing in the
capability to induce fibrolysis in recipient cells in vitro 36. At that time, we called
those EVs ‘microparticles’ and others ‘microvesicles’ or ‘ectosomes’. Today’s
International Society For Extracellular Vesicles (ISEV) guidelines, published by
ISEV members as us, with the purpose to frame an urgent needed standardisation,

actually agreed on to call them correctly as IEVs 37.
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During the last decade EV research intensified by a lot, EV research caught finally
attention of many research communities including liver research communities and
others 38. Thus, advanced methodologies enabled to categorize EVs into sEVs,
typically consistent of exosomes, and smallest microvesicles (MV). On the contrary,
large EVs are consistent of microvesicles aka microparticles (MPs)/ectosomes
35-39-40. This careful differentiation implies already that distinction between sEVs
and 1EVs, isn’t razor sharp and exactly defined by a size number. Some might say
100 nm might be the border, other 150 nm 37. However, exosomes and MPs/MVs
can be distinguished clearly by their biogenesis. MPs/M Vs could range in sizes from
around 100 to 1000 nm and are shed directly from the cell membrane by a “budding
process” during cellular activation or early apoptosis 35. Exosomes are the smallest
vesicles, usually below 100 nm, and formed in endosomes and are stored within
multi-vesicular bodies (MVB) that release their contents into intracellular space upon
fusion with the cell membrane 41. Several markers for exosomes have been described
including head shock protein HSP70 and the integrins as CD63, CD9, CD8 42-44.
However, some of these might be expressed on MVs/MPs as CD9 and CD81 45.

Apart from EV size and EV marker issues that are in detail unresolved, IEVs are
somewhat representing its donor cell with its membrane-associated proteins on a
smaller scale, making IEVs into an appealing field of research. sEVs and IEVs contain
lipids, cytosolic proteins, some messenger RNAs and microRNAs 35-37. Once EVs
were considered to be a kind of a cellular waste system, removing unneeded cytosolic
proteins, some messenger RNAs and microRNAs 41. Apparently, EVs are more than
that. EVs are orchestrating many physiological or pathological effects by their cargo
and membrane composition and are a novel horizontal cell to cell communication
route. Including the communication between tumour cell and tumour niche, inducing
tumour tolerance. Apart from that, eventually its worth to highlight their potential for
early cancer screening, cancer diagnosis, especially before metastasis takes place 46.
Until now, not a single human body cell was reported to be incapacitated of the ability
to release EVs including tumour cells, “underlining the attractiveness of these
vesicles to use as novel minimal invasive biomarkers not only in liver tumours but
also in non-malignant liver diseases” 40. In other words, EVs might be an outstanding

tool as an integral part of a new generation of liquid biopsy cancer biomarkers.
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1.14. The pathophysiological role of extracellular vesicles

The pathophysiological role of EVs is probably manifold. Many, many in vitro and
in vivo animal experiments were done demonstrating a possible role of EVs in
extracellular communication between cells proximal or distal, downstream pathway
activation in EV recipient cells or even contributing to tumour tolerance 44-46. But,
those reports could only give a glimpse that EVs, large EVs or small EVs, have
actually a more pronounce pathophysiological role then thought and from far bigger
clinical interest beyond cancer screening. Actually, 2017, Bernd Giebel and his group
performed a first human interventional study where MSC-EVs were administered in
case of steroid refractory graft-versus-host disease (GvHD) 47. How precisely MSC
EVs did act was debatable, some thought that MSC EVs might be rather the source
of a substance that was released by MSC. However, MSCs were isolated from bone
marrow donors, expanded and conditioned supernatants were collected being
potentially MSC-EV rich. A dose, 1 unit of MSC EVs was defined as the amount of
MSC EVs released by 4 x 107 for patient’s body weight. This highly cited publication
demonstrated a successful experimental clinical application of MSC-EVs where
MSC-EVs decreased probably indirectly numbers of patient-derived peripheral blood
cells, which secreted pro-inflammatory cytokines IL-1p, TNFa and IFNy, likely
contributing in modulating patient’s immune status that led to significant
improvement of clinical GVHD symptoms 47. Following this report, it is fair to
conclude that EVs, here MSC derived EVs might play an important future role as a

novel therapy option, e.g. in personalized medicine.

But the question remains, how EVs might actually contribute to pathophysiology?
EVs, small or large EVs, are generally released into the extracellular space and can
interact with their surroundings, mainly with neighbouring cells, somehow proximal,

systemically/distal as so-called paracrine effectors 48 or in an autocrine way.

But in cases of hepatobiliary diseases and hepatobiliary disease models in animals,
how does the role of EVs actually manifest pathophysiological or reverse pre-existing

diseases?

Thus, sEVs, eventually derived from human umbilical cord MSCs reversed partially
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CCls-induced liver fibrosis 49-50. Going in line that an anti-inflammatory effect of
MSC EVs has been frequently reported 51:52. In general, EVs might be an suitable
alternative to cell-based therapy, since EV donor cells could be potentially easier
manipulated to fit certain therapeutic needs, including such as: EVs are typically
stored easier, longer, and EV administration might be easier and without any major
unwanted risk of host immune responses, as shown 2017 when MSC derived EVs
were administered in case of steroid refractory graft-versus-host disease (GvHD), as

discussed above 47.

Apart from making use of EVs with a positive effect in halting or reversing disease
progression, it is therefore also important to consider depletion of EVs that have a
proven harmful effect and are promoting in some disorders. There are multiple ways
of preventing cell-to-cell communication via EVs. Inhibition of EV release has been
demonstrated in vitro as well as in vivo by several studies. “Hirsova and colleagues
administered rho-associated, coiled-coil-containing protein kinase 1 (ROCKI)
inhibitor fasudil in a murine NASH model and observed a decrease in serum EVs,
resulting in attenuation of disease progression 53. Chen et al. demonstrated an
attenuation of fibrosis by preventing exosomal transfer of HSC-derived miR-214 54.
Another possibility to interrupt cell-to-cell communication via EVs is to block de-
livery of specific cargo, as demonstrated by Ibrahim and colleagues 55.They showed
that toxic lipid-associated accumulation of CXCL10 in EVs is dependent on Mixed-
lineage protein kinase 3 (MLK?3) function, suggesting a way to reduce liver injury
and inflammation. Furthermore, inhibition of EV uptake represents a promising target
in disease-associated cell communication. Several molecular targets were identified
and blocked to prevent liver endothelial cell-derived exosome uptake in vivo,

resulting in attenuated fibrosis in murine CCl4-induced liver fibrosis 56.” 40.

Moreover, it was shown by us in vitro that T-cell derived EVs successfully induce
fibrolysis in TGF-beta activated hepatic stellate cells through a cis interaction
between EMMPRIN (CD147) as present on T-cell derived EVs and their target cell,
here hepatic stellate cells, that ultimately effected downstream ERK pathway-
signalling 36. Interestingly, differences among EV's derived from PHA and apoptosis

activated T-cells and between T-cell entities as CD4 and CD8 were noticeable,
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indicating slide differences among EV depending on donor cell activation
methodology. This might lead to the hypothesis of EV donor cell manipulation for
therapeutics. In this case, would an overexpression of CD147 on EV donor cells result

in a more pronounced fibrolytic effect on the target cells?

In fact, usage of EV as a novel vector for drug delivery isn't new. “Various loading
techniques have been described in the past years and can be performed either before
(by transfection or incubation of the donor cells 57:58 or after isolation of EVs from
the donor cells. Simple methods such as incubation of EVs with the desired cargo
molecules can be performed without the risk of membrane rupture but have a lower
loading efficiency than extrusion, sonication or permeabilization with Saponin 59-

61. Additional techniques include freeze-thawing and electroporation 59-62.

There is a broad variety of cargo molecules with which EVs can be packed. The most
popular options are small nucleic acids such as miRNA and siRNA, which are
protected from RNase-mediated degradation by the EV membrane. In liver disease,
potential therapeutic options were implied by recent studies. Ota and colleagues
demonstrated that miR30e can inhibit epithelial-mesenchymal transition (EMT)
during CCA progression 63. A set of miRNAs contained in serum EVs of healthy
patients was shown to elicit anti-fibrotic and anti-fibrogenic effects on activated
HSCs and injured hepatocytes 64. Not only nucleic acids, but also proteins contained
in EVs offer therapeutic options in liver diseases. It was demonstrated that heat shock
protein (HSP)-enriched exosomes can increase the anti-tumour response of NK cells

in HCC cells in vitro 65.” 40.

“Very promising research has been performed packing chemotherapeutic agents in
EVs for HCC treatment. The advantages of EV-encapsulated drugs are their
physiological and site-specific delivery and reduced toxicity to the recipient, but at
the same time high efficiency. After packing MVs with methotrexate (MTX), the
vesicles were internalized by HCC cells, inducing apoptosis in a considerable number
of cancer cells and resulting in a second generation of tumour cell-killing vesicles
released by the cells themselves 66. Notably, in this study, MVs packed with MTX
induced tumour cell death with a much higher efficiency than the same amount of the

freely administered drug. Tian and colleagues demonstrated that doxorubicin (Dox)-
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loaded exosomes had an apoptotic effect on HCC cells in vitro, but observed no

increase in efficacy compared to the free agent 67. “ 40.

In sum, drug delivery via EVs might be a novel emerging research field, especially
in the context that EVs might be stable enough to be first isolation, followed by a
modulation step in vitro and finally administered back to the EV donor, potentially
avoiding any MHC Class II mediated immunoreaction. Instead of EVs, of note
patients’ EV donor cells might be suitable as well and as described above modulated

prior administration.
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2

Aims

Since this habilitation work is written in a cumulative manner and spanning more

than a decade of intense EV research by us, funded by German Cancer Foundation

(German.: Deutsche Krebshilfe (DKH)) and German Research Foundation (DFG),

aims are given in a retrospective approach and may differ in detail from original

publications. However, the overall aim, the overall vison was to explore if large EVs

(IEVs) may be beneficial in minimal invasive to non-invasive liver disease screening

and diagnosis including hepatobiliary cancers being part of a novel type of liquid

biopsy. This habilitation work summarizes our efforts to do so.

L.

II.

I1I.

IV.

Beginning with the question if T-cell derived EVs might have a fibrolysis
inducing capability in hepatic fibrogenesis in vitro and may be elevated in

chronic hepatitis C infection in vivo.

Thus, proving if indicated 1IEVs subpopulation including T-cell and other
immunocompetent cell derived IEV's may be capable to discriminate between
chronic hepatitis C infection and NAFLD and healthy specimens under

experimental conidiations.

Followed by the question if cancer cell derived 1EVs, so called tumour
associated large EVs (talEVs) could serve as a non-invasive biomarker in

human cancer.

Furthermore, addressing the question if cancer entity depending surface
antigen combination/s may be discovered aiding in the differentiation

between human hepatobiliary cancer entities from hepatic cirrhosis e.g.,

and ultimately separating HCC from CCA via IEVs in humans.
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3 Results

3.1 EVs in chronic liver diseases

3.1.1 T-cell derived EVs were elevated in patients with active hepatic C
virus infection

Hepatic cirrhosis is the end stage of persisting chronic liver diseases of various
hepatic disorders as hepatitis A, B, C, D and E infections besides other viral infections
and non-alcoholic liver steatosis or fatty liver and long-term alcohol abuse. A cure,
here the reversal of hepatic cirrhosis is not yet within reach due to massive
remodelling of the liver architecture from healthy organ towards an organ that lacks
its multiple functions 68. Promising animal data does exist and indicated that in small
rodent reversal of hepatic fibrosis or even cirrhosis might be possible as summarized
by Kronborg, TM et al. 69. If this animal data might be translated to men, is
debatable. Do small rodent hepatic fibrosis models resample sufficiently the situation

in men, or are the differences between small rodent biology and humans too far apart?

Typically, liver transplantation is the only curative option left. Due to an excessive
shortage of liver donors, transplantation is only available for a fraction of patients 70.
Nowadays within Germany, liver transplantation situation did not improved pre-
COVIDI19 pandemic and surely current pandemic did worsen the situation 71:72.
Therefore, then and now, we are still in favour that an advanced and novel antifibrotic
treatment, which can prevent, halt or even reverse advanced fibrosis might be of high
interest. Especially in context that already 1979 it was discussed that advanced
experimental cirrhosis might be generally reversible in human and in small rodents if
once pathogenic triggers will be dropped and sufficient time for recovery is given

73:74.

Interestingly, others showed that lymphocytes derived microparticles might modulate
fibroblasts in a non-cytokine-mediated manner and induce matrix-metalloproteases
(MMP) that relevant in terms of collagen degradation in vitro 75. So called
microparticles (MPs), nowadays named in accordance to the latest Minimal
Information for Studies of Extracellular Vesicles (MISEV) guideline as extracellular

vesicles (EVs) 37, here apparently a crude preparation of EVs derived from Jurkat T-
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cells (an immortal lymphoma T-cell line) sufficiently induced in synovial fibroblast
fibrolytic the expression of matrix-metalloproteases (MMP) 75. Those MMPs as
MMP1 and as MMP3 and as MMP9 and as MMP13 were known to be capable of
collagens degradation, a major component of the extracellular matrix (ECM) 76.
ECM deposition is a cornerstone of fibrosis progression towards a cirrhotic organ.
We were interested if those T-cell derived EVs might modulate fibrolysis in vitro and
balance fibrosis in hepatic fibrogenic effector cells as activated hepatic stellate cells
36. And if certain EV populations could be found elevated in patients suffering from

chronic liver infection as HCV 39.

Main Results: To address the first experimental question, Jurkat T-cells were used
as potential EV donor cells and additionally primary human naive CD4 and CDS8 T-
cells from healthy human specimens served as EV control donors to avoid an artificial
effect that could be attributed to the use of Jurkat T-cells 36. Jurkat T-cells are in fact
a lymphoma T-cell line isolated from a 14-year-old leukaemia patient 77.
Additionally, these potential EV donor T-cells were activated with a mitogenic lectin
as phytohemagglutinin (PHA) 78 to mirror a chronic inflamed organ environment or
T-cell homing to liver (followed by T-cell apoptosis within the liver) according to
grave yard hypothesis 79. Apoptosis of EV donor cells was induced with
staurosporine (ST), a cell toxin 80. It is widely accepted that EV release could be
stimulated, enhanced or triggered by EV donor cell activation and by EV donor cell
apoptosis induction (here early phase of apoptosis prior cell fragmentation) 35.
Several fractions of T-cell derived EVs were given to EV recipient cells, here hepatic
stellate cells (HSCs), either the human HSC line LX?2 or to primary rat hepatic stellate
cells. The ratio between EVs and EV recipient cells was set to 50.000 EVs vs. 200.000
EV recipient cells. T-cell derived CD4" small EVs (CD4 S100-MP) and CD8" small
EVs (CD8 S100-MP) were capable to induce MMPs as MMP1, MMP3, as MMP?9,
as MMP13 compared to large EVs (S10-MP) 36. Those MMPs are associated with
fibrolytic processes 76. Nevertheless, differences were observed between EVs when
EV donor cells were activated prior EV release or in the early phase of apoptosis

during EV release, see please table 1.
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Table 1: MMP-1, MMP-3, MMP-9, MMP-13, TIMP-1, and procollagen al(I) transcript levels were
determined by way of quantitative RT-PCR in LX-2 hepatic stellate cells (HSCs; 2x10° cells per well)
incubated with IEVs (S10-MP) or sEVs (S100-MP) for 24 hours. Only effects >50% were considered
relevant. Up-regulation was categorized as follows: +++, more than four-fold; ++, more than two-fold;
+, less than two-fold compared with plain medium without EVs or corresponding staurosporine control
(ST); down-regulation was categorized as follows: - - -, more than 75%; - -, more than 50%; -, less

than 50% compared with plain medium without EVs or ST; ~, not significant toward ST control. PHA=

phytohemagglutinin (PHA), ST= staurosporine. Table published in Hepatology by us 36.

Jurkat Jurkat Jurkat CD4+ CD4+ CD4+ CD8+ CD8+ CD8+

(ST) (PHA & ST) (PHA) (ST) (PHA & ST) (PHA) (ST) (PHA&ST) (PHA)
MMP-1 (+4) ~ ~ ~ - + ~ ++ ++
MMP-3 ++ --- -- + ~ + ~ ++ ~

MMP-9 ++ ~ ~ ~ ~ + (+++) +++ (++)
MMP-13 ++ ~ ~ ~ ~ ++ + ~ ~

TIMP-1 ~ ~ ~ ~ ~ ~ ~ ~ ~

Pro-

collagen ~ ~ ~ ~ ~ ~ ~ - ~

al(l)

Overall, human primary activated T-cell derived EV were slightly more capable to
inducing fibrolysis in EV recipient cells. Interestingly, T-cell derived EV dependence
of observed fibrolytic modulation of the EV recipient HSCs could be further
elaborated if CD54 expression was modulated with TNF-alpha prior incubation with
pre-activated and apoptotic CD8" derived small EVs (figure 2A). TNF-alpha had
been known to stimulate the expression of CD54 on HSC. Assuming that CD54 is
engaged by CD11a/CD18 on T-cell derived EVs, an increased HSC CD54 expression
should enhance EV uptake 36. Hence, HSCs were stimulated with 10 ng/mL TNF-
alpha, resulting in a significant 10-fold up-regulation of CD54 on HSCs. This pre-
treatment led to a modest EV-induced increase of MMP-9, and MMP-13 expression
in HSCs (figure 2A). A direct fibrolytic effect of TNF-alpha on HSCs was largely
ruled out because TNF-alpha alone did not engage HSC MMP-3 mRNA
upregulation. To elucidate further the result of a modulation of CD54 on HSCs by
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TNF-alpha, HSCs were incubated with CD54 blocking or an isotype-matched control
antibody 2 hours prior to addition of EVs. CD54 blocking resulted in a significant
downregulation of MMP-3 and MMP-13 transcripts induced by MPs from Jurkat T
cells (40% and 45%, respectively), see figure 2B.
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Figure 2: CD8 T cell derived small EVs interact with activated hepatic stellate cells (HSCs). A)
EVs (S100-MPs) from activated and apoptotic human CD8" T cells (EV donor cells) increased further
indicated fibrolytic relevant matrix metalloproteases (MMP) as MMP-3, as MMP-9 and as MMP-13
in TNF-alpha pre-activated hepatic stellate cells (HSCs). Up-regulation of CD54 on HSC by TNF-
alpha facilitated MMP induction after addition of EVs. *P < 0.05. **P < 0.04. ***P <0.001. B) HSCs
were incubated with CD54 blocking antibody (50 1g/mL) or an IgG-matched control antibody for 2
hours, followed by addition of EVs from activated and apoptotic human CD8" T cells for 24 hours.
MMP-3 and MMP-13 transcripts were determined by way of quantitative RT-PCR. *P=0.02

**P=0.046. All experiments were performed at least twice (n=3/group). Results are expressed as

arbitrary (arb.) units relative to b2-microglobulin mRNA. Figure published in Hepatology by us 30.

This functional in vitro EV data supported the hypothesis of a physiological relevance
of T-cell derived EVs in reversal of liver fibrosis via fibrolysis induction in EV
recipient cells, here HSCs. Hence, T-cell derived EVs might be a possible future
treatment option, since patient’s own T-cells might be isolated, expanded and
activated as a source of own T-cell derived EVs that may be given intravenously (i.v.)
back to same patient, potentially avoiding any MCH class mismatch and rejection of
those EVs. That EVs are in fact actually a suitable treatment option was demonstrated
by the group of Bernd Giebel from the University Hospital Essen, Germany. In their
work, Bernd Giebel and co-workers reported the successfully administration of MSC-

EVs in case of steroid refractory graft-versus-host disease (GvHD) 47.

Prior their publication MSC were considered as an experimental therapy option in
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severe therapy-refractory acute GvHD 81:82. How precisely MSCs did act was
debatable, some thought that MSC might be rather the source of a substance that was
released by MSC. Therefore, MSCs were isolated from bone marrow donors,
expanded and conditioned supernatants were collected being potentially MSC-EV
rich. A dose of 1 unit of MSC-EVs was defined as the amount of MSC-EVs released
by 4 x 107 for patient’s body weight. This highly cited publication demonstrated a
successful experimental clinical application of MSC-EVs where administered MSC-
EVs decreased numbers of patient-derived peripheral blood cells, which secreted the
pro-inflammatory cytokines IL-1p, TNFa and IFNy, likely contributing modulating
patient’s immune status and let to significant improvement of clinical GvHD

symptoms 47.

In spite of this hallmark publication by Bernd Giebel and co-workers demonstrating
impressively that EVs might be from highest benefit as a novel treatment option, EV
therapy for liver cirrhosis wait for further studies. Next, we asked ourselves, if 1% T-
cell derived EVs may be detectable in patients with a chronic liver disease,
speculating to balance hepatic fibrosis via fibrolysis or more likely to be simply
activated by ongoing HBV infection. And 2", if T-cell derived EV's might be utilised

as a minimal invasive novel biomarker.

At that time, 2011, our still preliminary finding indicated that in active hepatitis C
virus infection (HCV), characterized by an ALT value above 100 IU/L, T-cell derived
EVs were significantly elevated (figure 3B and C) compared to inactive HCV (ALT
below 40 TU/L). Thus, those EVs, as shown for AnnV"CD8" EVs (= CD8" MPs) were
probably released from activated CD8" Tells, while those CD8" EVs were
additionally CD25*. AnnV (Annexin V) is a recommended EV marker 17-83-86.
Hence only measured FACS events positive for AnnV were accounted as potential
EVs. Corresponding AnnV FACS gate is depicted in figure 3A. In agreement, only
triple positive large EVs as AnnV'CD8'CD25" were accounted up to 80% while
released from CD8 and CD25 activated T cells in vivo in HCV without a significant

restriction to active or inactive HCV (figure 3D).
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Figure 3: Plasma borne T cell-derived EVs (MPs) are elevated in patients with active hepatitis

C (HCYV). A) Representative FACS analysis of CD3-APC and Annexin V—fluorescein isothiocyanate

double-positive EVs in healthy human T cell donor. B) Relative percentage of circulating AnnV*CD3"
EVs from patients with active HCV and normal ALT levels (<40 IU/L; n=10), elevated ALT levels
(>40 IU/L; n=14), or high ALT levels (>100 IU/mL; n=8). C) AnnV'CD4", AnnV'CDS§",
AnnV*CDI14*, AnnV*CD15" and AnnV*CD41" EV populations derived from T-cells, monocytes,

neutrophils or potentially from platelets as detectable in plasma of active HCV patients with ALT >100

IU/L (n>9) compared with healthy controls and hepatitis C virus patients with ALT <40 IU/L (n>9).
D) Percentage of AnnV*CD8"CD25" EVs in active or inactive HCV*P < 0.05. **P < 0.005. Figure

published in Hepatology by us 36.
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3.1.2 EVs derived from immune competent cells in differentiating HCV
from NASH

Showing first time in human HCV plasma specimens that EVs are present in active
HCV, ALT >100 IU/L and elevated 36, we asked ourselves how EVs might be a
contribution factor in personalized medicine as an novel and minimal invasive EV
liquid biopsy marker. Such liquid biopsy could monitor disease progression without
the need of an invasive liver biopsy 2. However, the next logical step towards a
possible clinical translation was to design an experimental setting allowing us to
assess designated EV populations in patients’ plasma/serum and comparing healthy
human specimens and chronic hepatitis C (CHC) patients and patients with non-
alcoholic fatty liver (NAFL) or non-alcoholic steatohepatitis (NASH) to each other
85. This somewhat controlled experiment should prove that EVs, here certain
populations, as T-cell derived, as monocyte derived, as neutrophils derived, as
platelets derived and as invariant NK T-cells derived EVs being part of an EV based
profile panel are capable to diagnose those liver diseases 85. The secondary question
was, does the investigated EV populations correlate with clinical markers of hepatic
diseases as ALT, AST, HCV virus load and furthermore with histological fibrosis

stage and inflammatory grade as histologically assessed 85?

Main Results: To assess the first main question two prevalent but mechanistically
different chronic liver diseases, here CHC and NAFL/NASH were profiled and
compared to each other and to healthy human specimens. Importantly, the selected
EV profile panel consisting of CD4" and CD8" EVs (both T-cells derived EVs),
CD14" EVs (monocytes derived EVs), CD15" (neutrophils derived EVs) EVs, CD41*
EVs (platelets derived EVs) and iNK T-cell derived EVs (iNKT EVs*), were
investigated. Of note only AnnV" EVs were accounted in our study at that time, which
was in line with the “Minimal information for studies of extracellular vesicles 2018

(MISEV2018)” guidelines published few years later to which our lab contributed 37.

Overall, CHC and NAFL/ NASH were associated with increased percentage values
of inflammatory EVs as AnnV'CD4" and AnnV'CD8" EVs. Actually, both T-cell
derived EV populations were in CHC compared to healthy specimens elevated by
40% and 29%, respectively (figure 4). Thus, Similarly, AnnV*CD4" and AnnV*CD8"
EVs were significantly increased in NAFL/NASH (56%) and in CHC (26%)
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compared to healthy specimens (figure 4). T-cell derived EV clinical performance as
measured by AUROC, sensitivity and specificity were modest (CD4 T-cell EVs:
sensitivity 84%, specificity 47%, AUROC 0.56; CD8 T-cell EVs: sensitivity: 12%,
specificity 97%, AUROC 0.65) 85. AnnV*CD4" EVs and AnnV'CD8" EVs did not
discriminate between CHC and NAFL/NASH, both were probably due to the chronic

inflammation and hence T-cell activation per se released and elevated 85.

From far more importance, monocyte derived EVs, AnnV*CD14" EVs were in this
experimental setting almost exclusively elevated in NAFL/NASH compared to CHC
and associated with an AUROC value of 0.99 and a sensitivity of 100% and a
specificity of 96% (cut-off: 9.71, p<0.0001) 85.
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Figure 4: Profile given percentages of indicated EV populations in patients with NAFL, CHC,
and in healthy controls. EVs were isolated by differential centrifugation and analysed by FACS as

described in Materials and Methods 85. The overall P value for each EV population for the Kruskal—

Wallis test was set at P<0.0001 before assessing pairwise relationships by the post-hoc Dunn’s

multiple comparisons approach to compare the 3 study cohorts (CHC, NAFL/NASH, and healthy

controls). Figure published in Gastroenterology by us 85.

Going in line with the measured levels of monocyte derived EVs, iNKT EVs* were
in NAFL/NASH increased as well, as compared to CHC and to healthy specimens
(figure 4). Actually, as compared to CHC, the reported cut-off value was 3.6% with
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an associated AUROC of 0.97. Overall, both AUROC values indicated clinical
relevance of these two EV biomarkers in this experimental setting for the
discrimination between CHC and NAFL/NASH. It would be interesting to extend this
study with other liver diseases and compare these EV populations such as chronic
hepatobiliary disease, as Primary Sclerosing Cholangitis (PSC), which is a long-term
progressive disease of the liver or another chronic hepatic disease based on chronic
hepatitis B (CHB). Nevertheless, these two EV donor cell populations, monocytes
and invariant NK T-cells had been successfully linked to be key in NAFL/NASH
pathogenesis 87-88. These immune cells derived EVs however could be associated
with multiple other disease conditions. From today’s perspective, 2021, we have
unpublished preliminary data showing that Annv'CD14" EVs are actually elevated
in poly trauma (Injury Severity Score >15), if internal organs are damaged such as in

liver rupture and spleen rupture (own unpublished data).

In conclusion, in this experimental setting, performance of the indicated EV
population was promising as a novel diagnostic tool, however their ability to perform
as reported in a real clinical situation with patients of an unknown underlying hepatic
diseases could be probably very well limited. Nevertheless, data obtained from the
EV panel could shed light on the involvement of the EV donor cells in the
pathogenesis in CHC and NAFL/NASH. Increased immune cell turnover during liver
inflammation, independently if acute or chronically, and homing of those cells into
the liver might contribute to elevated EV numbers of those immune competent cells
36-83-89. Additionally, it was reported that in fact “CD8">CD4" T-cell 90 as well as
NKT cell populations 91 including iNKT cells 92 are major immune effectors in
CHC, although histological inflammation of the liver appears to be better reflected
by iNKT [EVs} than by blood iNKT cells. 91:92”. Going in line that “iNKT cells
have been implicated as major drivers of inflammation and fibrosis progression in
NASH. 93:94”. And that “CDI14" macrophages>monocytes appear to play a
prominent role in peripheral adipose tissue inflammation, the associated metabolic
syndrome, 95:96”. Newest data on CD14" immune competent cells supports our
thesis that NASH is associated with CD14" response, e.g. with increased CD14" cell
numbers if NASH is associated with fibrosis 97 . These observations are in line that

increased soluble CD14 values were associated with NAFLD 98. Interestingly,
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AnnV'CDI14" EVs are elevated in organ damage as hepatic rupture and spleen rapture
(own unpublished data) supporting our updated hypothesis that CD14" EVs are not
disease specifically released and discrimination between CHC and NAFL/NASH,
might require additional disease controls for more accurate diagnosis. Typically,
CD14" macrophages are actually heavily involved in tissue repair in organ injury 99.
Release of AnnV*CD4" and AnnV*CDS8" EVs are universal and obviously not disease
dependent but rather reflect if CD4 and CDS8 cells were activated during disease

progression or acute immune reaction 89.

The secondary question was probably besides the previously discussed diagnostic
possibilities to discriminate liver diseases from a bigger clinical ramification and
likely to be sooner translated. We have various Pearson correlations reported at that
time as between indicated EV populations as AnnV'CD14" EVs and as iNKT EVs
with ALT and with other histological parameters. For example, in NAFL/NASH both
AnnV'CDI14" EVs and iNKT EVs* correlated well with ALT (r=0.63; P<0.0001;
r=0.59; P<0.0001, respectively). Sub analysis ruled out any gender bias in any

correlations (data not shown).

On the contrary, in CHC, AnnV*CD4" EVs and AnnV*CD8" EVs correlated well
with fibrosis stage (r=0.63; P<0.0001; r=0.59; P<0.0002, respectively).
Unfortunately, those EV populations and iNKT EVs did not correlate with stage in
NAFL/NASH (data not shown).

Interestingly, in CHC, the disease with the lowest expected sampling variability
(approx. 25% and 33% for 1 Metavir grade and stage difference, respectively 100),
there was a good correlation of AnnV*CD4" EVs or AnnV*CD8" EVs with ALT,
biopsy grade and stage (figures 5 and 6).
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Figure 5: Correlations of investigated EV populations with ALT in CHC and NAFL. Correlations
of AnnV*CD4" EVs, AnnV'CD8" EVs and AnnV'CD14" and AnnV INKT" EVs with patients” ALT
values from blood samples used simultaneously for EV preparation and ALT determination. A) CHC,
B) NAFL/NASH. Correlations were calculated using the Person algorithm with r values and P values

shown in the lower right corner of each graph. Variations in numbers are due to limitations in serum.

Figure published in Gastroenterology by us 85.
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Figure 6: Correlations of investigated EV populations with biopsy grade in CHC and NAFL.
Correlations of AnnV'CD4" EVs, AnnV'CD8" EVs and AnnV'CD14" and AnnV*'INKT* EVs were
isolated from serum A) CHC patients, B) NAFL/NASH patients with paired biopsies. Correlations
were calculated using the Person algorithm with r values and P values shown in the lower right corner

of each graph. Variations in numbers are due to limitations in serum. Figure published in

Gastroenterology by us 85.

Another important correlation we observed in CHC between AnnV* iINKT" EVs and
biopsy grade; r=0.76, P<0.0001, figure 6A. Additionally, the histological NAS score

as considered as the gold standard for assessing/scoring NAFL, showed only a modest
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correlation with AnnV*CD14" and AnnV'iNKT* EVs* (r=0.60; P<0.0001; figure 7).
Analog to the existing sampling variability in CHC, for NAFL/NASH, sampling
variability might be higher than in CHC as reported, approx. 40% for 1 Metavir grade
or stage 100.
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Figure 7: Correlations of investigated EV populations with NAS score NAFL. Correlations of
AnnV*CD4" EVs, AnnV"CD8" EVs and AnnV'CD14" and AnnViNKT™ EVs with NAS score using

the Person algorithm with r values and P values shown in the lower right corner of each graph.

Variations in numbers are due to limitations in serum. Figure published in Gastroenterology by us 85.

For example, 2012 the NAS score >4 rendered the best evidence for NASH, was
consisting of 3 sub-scores for hepatic steatosis, lobular inflammation, and ballooning
and was affected by significant sampling variability, especially for detection of
hepatocellular ballooning, 101-102 which was missed in at least 50% of biopsies at
that time 100. Additionally, due to its multicomponent character, the NAS score was
influenced as probably today by the skill and experience of the reading pathologist,
more than other histological scores, and was prone to intra- and inter-observer
variability 103-104. Of note, newest research is aiming for to reduce as much as
possible any intra- or inter-observer variability applying Artificial
Intelligence/Machine Learning (AI/ML) resulting in promising numbers in case of

reproducibility and sensitivity 105. However, a quantitative and objective diagnostic
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test that can measure overall activation of a certain immune cell subset, such as
circulating EVs, might circumvent biopsy sampling and observer variabilities in spite

of recent AI/ML advances.

In sum, our correlation data between the indicated EV populations, namely
AnnV*CD4" EVs, AnnV*CD8" EVs and AnnV*CD14" and AnnVHiNKT* EVs*, and
stage, grade or even NAS score, could be weighted as a convincing argument that EV
based liquid biopsy might be superior over conventional liver biopsy typically
performed with a needle. Taking in account that liver biopsy isn’t a convenient
procedure, mostly associated with discomfort and requires typically an expert
physician. Thus, liver biopsies are a tarnished gold standard due to high sampling

variability as discussed above.

Nevertheless, this publication from 2012, might be seen as one of the frontrunners,
showing the usefulness and feasibility of EV phenotyping of EV surface antigens by
FACS in NAFL/NASH 85. Of note this was an experimental setting with two
prevalent but mechanistically different chronic liver diseases, here CHC and
NAFL/NASH. The wusage of additional negative controls, probably other
hepatobiliary diseases as PSC, organ damage as liver rupture, as biliary cancer entities
would be beneficial from today’s perspective. Due to the low methodological
standardisation at that time, we consider a multi-centric approach with UpToDate
methodology of EV isolation as SEC and EV phenotyping as currently done with the
NanoView EVChip Reader R100 (NanoView Biosciences) would be of highest
benefit. These should be considered if this finding should be considered for

translation from bench to bed side.

Technical note: AnnViINKT" EVs* are actually stained for the following antibodies
including AnnV: Valpha24 and Vbetall. Valpha24 and Vbetall are markers for
invariant NK T-cells, hence Valpha24 and Vbetall double positive cells or EVs are
INKT origin 85:92.
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32 EVsin cancer screening

3.21 EVs as a novel pan-cancer marker in CRC and other and other
epithelial neoplasia

After showing that EVs and certain EV populations are actually beneficial in
separating CHC from NALF/NASH, we addressed the next rational question, if our
concept of utilizing EVs in disease diagnosis might actually be true in cancer
diagnosis per se. Since hypothetically any cell, any cancer cell in vitro is capable to
shed EVs. Furthermore, several hints were at time available indicating that EVs in
cancer are a diagnostic option, but their scientific value is disputable due to technical
limitations at that time 106:107. However, one limitation was due to missing negative
controls, which biased experimental results. For example, “elevated levels of CD95L
expressing large EVs have been found to be associated with oral squamous cell
carcinoma (OSCC) 108. However, CD95L expressing large EVs have also been
associated with pregnancy, pinpointing that the use of single surface markers is not
sufficient to associate large EVs with specific diseases 108:109. In 2008, a
hepatocellular carcinoma (HCC) pilot study was published, showing that the levels
of endothelial (CD317/CD42") and hepatocyte (HepPar) derived large EVs in HCC
liver transplant patients were altered after surgery and correlated with the clinical
outcome 106 110. Therefore, we postulated if we may phenotype successfully EVs
by a chosen set of antibodies against designated EV surface antigens, that are
associated with cancer, we might succeed. The aim was at that time two-fold. 1% to
identify an EV surface antigen or antigen combination that might be used as a pan
cancer marker successfully indicating the presence of a cancer within the human body
and 2" to explore if the level of those cancer related EV's might reveal tumour burden

(size of tumour).

Main results: Regarding the first aim, in 2016 we showed that
AnnV'EpCAM*CD147" 1EVs were elevated in various cancer entitics such as
colorectal carcinoma (CRC), non-small cell lung carcinoma (NSCLC) and pancreatic
carcinoma (PaCa) 111, see figure 8. IEVs were isolated by differential centrifugation
of sera of 103 confirmed cancer patients. Median AnnV'EpCAM* IEVs values were
significantly elevated in patients with CRC, NSCLC, PaCa by an average of 2.3-fold



33 Results

irrespective of the tumour entity and size (figure 8A) 111. Surprisingly,
AnnV'EpCAM?" IEVs were also found elevated in thyroid nodules patients (short:
struma) as compared to healthy controls by 1.9-fold 111.

To increase cancer specificity in that sense that obviously non-malignant thyroid
nodules will be not falsely identified as a cancer entity, we extended our pan-cancer
tumour associated antibody by EMMPRIN (CD147). CD147 was reported to be
closely associated with cancer since some cancer entities are actually expressing
CD147 112-115. Therefore, as expected, our selected antigen combination of
EpCAM and CD147 successfully detected in vivo derived AnnV*CD147"EpCAM”*
IEVs in patients’ serum derived EVs. AnnV'CD147"EpCAM" IEVs median values
significantly increased in cancer patients by an average of 4.8-fold (figure 8B) across
all investigated tumour entities. Additionally, the CD147"EpCAM" IEVs were
significantly reduced compared to the elevated cancer IEVs values in thyroid nodules

(figure 8B).
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Figure 8: Detection of AnnV'EpCAM* and AnnV'EpCAM*CD147" large EVs in sera of
indicated cancer patients. IEVs were isolated by differential centrifugation and analysed by FACS
as described in our Oncotarget publication. The indicated p-value for each 1IEVs population, (A)
AnnV*EpCAM™ 1IEVs and (B) AnnV*EpCAMCD147" IEVs as predictor of controls vs. cancer and
control vs. struma nodosa (thyroid nodules; short: struma) was calculated by using one-way ANOVA
test including multiple comparisons using Dunn's post test. Shown are medians with 25 and 95
percentiles. P-values are shown as indicated; *=p<0.05, **=p<0.005, ***=p<0.0005 (one-way
ANOVA test including multiple comparisons using Dunn's Multiple Comparison Test). Overall, an

error level p<0.05 was considered significant. Note: taMPs = tumour associated MPs = tumour derived

IEVs. Figure published in Oncotarget by us 111.
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These results highlighted both the potential advantage but also the limitations of this
relative new technology at that time in 2015. By using multiple markers rather than a
single tumour marker on the surface of IEVs we could overcome these limitations.
Our approach suggests that tumours can be detected by quantification of
AnnV'EpCAM" IEVs, but it is far superior and more reliable when using a surface
marker combination for AnnV'EpCAM'CDI147" IEVs independently of the

underlying cancer entity 111.

Still, certain disease/health circumstances associated with epithelial damage, such as
struma nodosa (thyroid nodules), do not allow to draw any conclusions based on only
AnnV'EpCAM?" 1EVs per se. Thus, disorders primary causing epithelial damage
should be regarded as exclusion criteria if only EpCAM is used for IEV surface
phenotyping. However, this observation led to the hypothesis that a cancer-entity
specific antigen combination on IEVs might be feasible to find, and use to
differentiate underlying cancer entity or cancer origin. In agreement, we evaluated
AnnV'EpCAM*CD147" 1EVs as a specific “pan-cancer-EV” marker that could be
used to screen for early cancer outbreak, particularly when conventional differential
diagnostic tools would not yet indicate the presence of tumour or no indication is

given to apply them.

In past decade, EpCAM (CD326) turned out to be a useful marker to detect circulating

tumour cells (CTCs) or tumour stem cells 116-119. Although CTCs are rare, the
optical detection of such EpCAM™ tumour cells as done with the CellSearch™

System is in clinical use for a limited number of cancer entities 119-121. This method

depends on the metastatic spread of tumour cells from the primary tumour side and
free floating of tumour cells in blood circulation 121. In contrast to these scarce
CTCs, EpCAM™ EVs might be larger in numbers, a possible multiplier of EpCAM*
tumour cells in vivo. We showed that AnnV EpCAM™CD147* IEVs were far superior
than EpCAM™ 1EVs in terms of detecting and distinguishing cancer from other
epithelial damage 111. More importantly, 1EV shedding, including of
AnnV'EpCAM*CD147" 1EVs, was not dependent on metastatic spread rather than

activation and apoptosis 111. Thus, these tumour EVs might reach the circulation 122

as CTCs and not be restricted to metastatic tumour spread 110-123.
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Of course, we asked ourselves, whether our IEV data was somewhat connected
randomly to tumour load, or as previously reported for sEVs by Melo et al. were
statistically significant 124. We and Melo ef a/. used RO resection of full tumour load
as a simplified and reproducible model of a typical curative cancer therapy. As Melo
et al. for sEVs, we observed a significant drop of IEVs from day 7 postoperatively
(post-OP) as compared IEVs values drawn preoperatively (pre-OP) (figure 9). Of
note, drop of sEVs as reported by Melo et al. was inferior to our reported changes
124 and the observed decreased levels of IEVs compared between different tumour
entities. We speculated in our publication that IEVs stay longer in circulation than
sEVs and will drop from day 10 post-OP on 111. Nevertheless, and in spite of
thinkable limitation, as how stable sEVs are compared to IEVs, we assume that
tumour derived IEVs, from large or small EV entity, will drop after a complete tumour
load removal (RO1 resection) or tumour load shrinking due to an anti-tumoural

therapy 111.
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Figure 9: Detection of EpCAM™ large EVs in CRC sera patient samples post R0 resection. (A)
Ann"EpCAM" 1EVs levels 7 days post CRC tumour resection and at day 10 post-OP. (B) Paired
display of accompanied pre-OP and post-OP values of indicated IEVs populations. Shown are
indicated median with 25 and 95 percentile including p-value as indicated; *=p<0.5, **=p<0.005,
**%=p<0.0005, n.s.= not significant (paired t-test with Wilcoxon matched pairs signed rank-test).

Overall, an error level p<0.05 was considered significant. Note: taMPs = tumour associated MPs =

tumour derived 1EVs. Figure published in Oncotarget by us 111.

Another aspect that was addressed, was the question if IEV levels do actually
correlate with the total tumour load, as size of tumour given in cm?®. Unfortunately,

our data regarding this question showed clearly the limitation of IEVs in assessing
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tumour load. In NSCLC we did not draw any correlation better than r = 0.5 between
tumour volume and measured IEV levels (figure 10). In CRC,
AnnV'EpCAM'CD147" IEV levels were correlating with CRC tumour volume
significantly (r=0.7288, P<0.0001, figure 10A). If CRC tumour volumes were
divided into subgroups spanning from 0 (healthy controls), over 1-10 ¢cm?, 10-50
cm?, 50—-100 cm? and above 100 cm? of CRC tumour volume, we concluded that 10
cm? of CRC volume might be the lower detection limit of our used methodology at
that time (figure 10B) 111. Additionally, no correlations were observed between
UICC scores or metastatic phenotype acceding an r value of 0.5. Thus, matched sera
CEA and CA19-9 sera values did not show any dependence (p>0.05) 111. We
speculate that since EVs shed from tumour cells and generally interact with the
tumour environment, with CAFs and with immunocompetent cells as Tregs,
consequently not all EVs that had been shed by the tumour may reach the circulation

and as observed for CTCs.

It’s shown by others that in case of CTCs, especially in case of CTC clusters, CTC
might get stacked in narrow capillaries and therefore potentially contribute to
metastasis in highly vascularized organs such as liver and especially lung 125.
Therefore, it is fair to speculate that most CTCs that enter a highly vascularized organ
will not exit and therefore not being accounted or available for CTC diagnosis based.
Whether measured tumour associated IEVs are prone to a similar bias as CTCs is still
open. Nevertheless, a possible robust correlation between these IEVs and tumour load
might depend on the selected antigens of tumour associated 1EVs and on the
investigated cancer entity. Notably, in CRC a correlation of r=0.73 is considered good

and from clinical relevance 111.
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Figure 10: large EVs predict tumour volumes. Measured AnnV'EpCAM® IEVs and
AnnV*EpCAM'CD147" 1EVs were set in correlation (Spearman algorithm) to associate patient
tumour volumes; (A/B): NSCLC; (C-F): CRC. Correlations were restricted to 100 cm® of tumour
volume. (D/F) Detail analysis of indicated tumour ranges revealing the possible lower and upper
detection limit. Shown are indicated median with 25 and 95 percentile including p-value as indicated;
*=p<0.5, **=p<0.005, ***=p<0.0005, n.s.= not significant (one-way ANOVA test including multiple
comparisons using Dunn's Multiple Comparison Test). Overall, an error level p<0.05 was considered

significant. Note: taMPs = tumour associated MPs = tumour derived IEVs. Figure published in

Oncotargetbyus 111.
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In summary we provided evidences that tumour associated IEVs were successfully
quantified by a set of tumour associated surface antigens that are present on those
IEVs 111. Furthermore, we shown that IEVs have the same potential as sEVs in
diagnosis as reported by Melo et al.. Of note, sensitivity and specificity are not
comparable since Melo et al. reported a sensitivity of astonishing 100% and a
specificity of 100%, too 124. But comparing both methodologies as used at that time,
we see huge differences and probably at that time more potential in IEVs
quantification in tumour diagnosis specially to discriminate tumour entities as shown
by us in 2017 and in 2020 17-:84. Our methodology, using certain combination of
surface antigens on IEVs allowed us to detect several antigens simultaneously on each
IEV vesicles 126 whereas Melo et al. could detect only one antigen on each sEV at
that time 124. This was the consequence of the facts that sSEVs were not detectable
by conventional flow cytometer devices due to their size 127, hence, sEVs were
captured unspecific by latex beads first. These latex beads are in mean 2000 nm in
size and are capable to bind an unknown number of various sEV populations
originating from different cell types 124. Therefore, if two antigens would be stained
on sEVs bound to the same latex bead, it would be impossible to know if both
antigens were present on the same sEV or on two different sEVs. Consequently, the
methodology of using latex beads for flow cytometer depending analysis of sEVs at
that time were not suitable for a combinatoric approach as our one, to assess two,
three or more antigens simultaneously on one 1EVs as demonstrated for
AnnV'EpCAM" IEVs and AnnV'EpCAM*CD147" IEVs. It is fair to say, that 2021,
our current used methodology in the lab was further developed using the machine
from NanoView Biosciences and it allows us to quantify four antigens simultaneously
on sEVs (own unpublished data). Noteworthy, today the Amnis ImageStream device

is capable to provide the needed resolution and sensitivity for sEV analysis too 128.



39 Results

3.2.2 Diagnostic and prognostic role of circulating microparticles in
hepatocellular carcinoma

After showing own scientific evidence that EVs might bear a bigger role as thought
in cancer detection, in cancer surveillance as shown by Melo et al. and their work on
Glypicanl™ EVs in patients with pancreatic cancer 124, we hypothesize that a set of
antigens being simultaneously present on the same IEV could lead to a cancer entity
specific composition of those antigens 126. Furthermore, additionally we
hypothesized that one EV surface antigen might be related to several cancer entities,
and by adding more antigens in that fashion the specificity of cancer entity will be
achieved 126. In figure 11 we depicted how increase of designated surface antigens
may add to cancer entity specificity in order to differentiate HCC, CCA, CRC and
NSCLC from each other. In fact, our next aim was to provide substantial evidence
that a set of designated EV surface antigens simultaneously detectable on same IEV
could achieve such cancer specific differentiation across the indicated cancer entities

and controls such as non-malignant liver cirrhosis 84.
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Figure 11: “Principle of entity-specific cancer detection by characterising combinations of
surface antigens on [EVs]. The scheme illustrates the hypothesis that the number of antibodies
incorporated into the analysis of surface antigens on [EVs] influences entity-specific detection of
cancer. Hypothetically, an [EV] that is characterised by only one surface antigen is likely to be
representative for more than one cancer entity, whereas an [EV] that is characterised by two or more
antigens simultaneously will probably represent less entities, which is due to the heterogeneity of
presented antigens on the respective entities. Thus, using a combinatorial approach of more than one
antibody for characterisation of [EV] populations might likely increase the entity-specific detection of
cancer. CCA, cholangiocarcinoma; CRC, colorectal carcinoma; [EV, extracellular vesicle;] HCC,

hepatocellular carcinoma; NSCLC, non-small cell lung carcinoma.” Figure published in Journal of

Hepatology by us 126.
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e.g. CD133, ASGPRI etc., plus AnnV, our general [IEV] marker. [IEVs] that are positive for all the
listed antigen combinations will be evaluated by FACS. AnnexinV serves additionally as a general

[IEV] quantification marker.” ta[lIEV], tumour associated large extracellular vesicles. Note: taMPs =

tumour associated MPs = tumour derived 1EVs. Figure published in Journal of Hepatology by us 84.

Main goal was to explore a liver cancer specific combination of antigens

simultaneously detectable on IEVs (at that time called microparticles (MPs) by us and

healthy individuals from patients with a hepatic disorder and further on to dissect the
underlying hepatic liver disorder either as non-malignant cirrhosis or hepatic cancer,

here HCC or CCA. For that purpose, we have chosen besides AnnV, a general IEV



41 Results

marker, other antigens of interest as CD133, as CD147, as EpCAM associated with
cancer per se as shown previously by us 111 and as Asialoglycoprotein Receptor
(ASGPR1) a hepatocyte specific antigen 131. Various combinations of interest of
those antigens on same 1EVs are depicted in figure 12. We hoped to achieve a liquid
biopsy that in fact may substitute AFP or at best be far superior than AFP and other
often used proteins as CA19-9 or CEA, that are considered not to be cancer specific

for liver cancers and other malignancies per se 2:16.

Main results: We speculated that the use of additional antigens as CD133 and as
ASGPRI1 plus EpCAM, previously published tumour-associated antigen-
combination 111-117-131-134, could probably identify liver malignancies as HCC
and CCA. To do so, first, we examined expression levels of those antigens on
commercially available tumour cell lines to check if those antigens could separate
them. Hence, if selected surface antigens will separate successfully those cell lines
by FACS methodology, it should be feasible to do so with 1IEVs too, since those
surface antigens should be hypothetically expressed on IEVs as well 126.

In fact “EpCAM, CD147, CD133 and ASGPRI1 as potential surface antigens for
[IEVs] showed medium to high expression on human tumour cell lines (HCC: HUH7
135; hepatoblastoma: HepG2 136; liver adenocarcinoma: SK-HEP-1 137) in vitro
with EpCAM ranging from 95 to 99% of all living cells, except on SK-HEP-1 cells;
with CD147 ranging from 82 to 85%, except on HuH7 cells; with CD133 ranging
from 93 to 99%, except on SK-HEP-1 cells, and with ASGPRI1 ranging from 91 to
99% [(figure 13)]. Importantly, ASGPR1 was not detectable (<1.5%, p<0.005, figure
13B) on human pancreas ductal adenocarcinoma cell lines Panc-1 138 and Capanl/-
2 139-140, illustrating the importance of these antigens as possible cancer antigens
and confirming ASGPR1 as a liver tumour restricted antigen. From these in vitro data
we concluded that distinct cancer specific antigen combinations, on donor tumour
cells and their tumour cell derived [IEVs] could specifically be associated with liver

tumours.” 84.
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Figure 13: “Expression profiles of the surface antigens EpCAM, CD147, ASGPR1 and CD133
on human tumour cell lines. 16 to 24 hrs after serum starvation cells were harvested and fluorescently
stained for their surface antigens, followed by FACS analysis. (A) Percentages of the antigen-bearing
populations among living cells are depicted in each individual cell lines. (B) The summed marker
expression present together in all three liver tumour cell lines (HuH7, HepG2 and SK-HEP-1) and the
pancreatic adenoma cell lines (Capan-1, Capan-2 and Panc-1). A two-tailed Mann Whitney test was

performed to compare the antigen expressing cell populations (* = p<0.05, ** = p<0.005, *** =

p<0.0005).” 84. Note: taMPs = tumour associated MPs = tumour derived 1EVs. Figure published in

Journal of Hepatology by us 84.

Confirming our selected antigen candidates successfully on indicated tumour cell
lines (figure 13), next we aimed to validate those selected antigens on IEVs in our
human specimens (figure 14A, B, C). AUROC values, sensitivity and specificity
scores indicated that the combination of EpCAM and CDI133 as detectable on
AnnV'EpCAM*CDI1331" IEVs and EpCAM, ASGPRI1 and CD133 as present on
AnnV'EpCAM*" ASGPR1*CD1331* IEVs might be suitable to separate patients with
a liver disorder (HCC and CCA and non-malignant cirrhosis) from heathy controls
(figure 14 A, C, E). In detail, in “liver disorders cohort, consisting of patients with
cirrhosis without malignancy and HCC or CCA, AnnV* EpCAM" [IEVs] were in
general significantly increased by 2.5-fold (p<<0.0005, one-way ANOV A with Dunn’s
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test, [figure 14A]), with specific increases in patients with HCC by 2.7-fold, CCA by
2.7-fold and cirrhosis by 1.8-fold (p<0.005, p<0005, respectively). When the surface
antigen combination was extended by CDI133 [figure 14B] and
AnnV'EpCAM*CD133" [IEVs] were assessed, we observed a liver disorder
(cirrhosis without malignancy, HCC and CCA combined) restricted increase of
AnnV'EpCAM'CD133" [IEVs] by 2.6-fold (p<0.005, one-way ANOVA with
Dunn’s test), and individual increases for HCC by 2.6-fold, CCA by 3.3-fold, and
cirrhosis by 2.3-fold (p <0.05, p <0.005, respectively). As mentioned earlier, no
increased AnnV'EpCAM*CD133* [IEVs] values were noted in patients with CRC,
NSCLC and inguinal hernia as compared to CTRL. Whereas the accompanied levels
of significance were not impressive for AnnV'EpCAMTCDI133* [IEVs], the
separation between CTRL and liver tumours and cirrhosis markedly increased when
staining was extended by ASGPRI1. Overall, AnnV'EpCAM*CD133*ASGPR1"
[IEVs] in liver disorders were increased by 3.1-fold (p <0.0005, one-way ANOVA
with Dunn’s test); individual increases were 3.1-fold for HCC, 3.7-fold for CCA, and
2.5-fold for cirrhosis (p <0.0005, p <0.0005, p <0.05, respectively).” 84.

However, those IEVs populations somehow still failed to separate between liver
disorders such as HCC, CCA and HCV/HBYV induced non-malignant cirrhosis (F4).
Of note, desired goal would have been to separate those liver disorders from each

other or at least from non-malignant cirrhosis.
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Figure 14: “Detecting EpCAM*CD133* and EpCAM*ASGPR1*CD133" [IEVs] in human serum
samples patients with indicated liver disorders can be discriminated from controls. [IEVs] were
isolated and characterised by FACS from the sera of cancer patients (HCC, CCA, CRC, NSCLC),
controls (CTRL), patients with inguinal hernia and patients with cirrhosis (Cirrhosis). Cohort ‘Liver
Disorder’ combines HCC, CCA and cirrhosis patients. (A-C) Visualises [IEVs] profile for each study
cohort including EpCAM™ (A), EpCAM*CD133" (C) and EpCAM"ASGPR1"CD133* (E) populations
given in mean with 95% CI. Dotted lines represent cut-off values. Differences were assessed by one-
way analysis of variances (ANOVA) including Dunn's test. For each population the corresponding
ROC curve and AUROC value is displayed in (B), (D) and (F) in order to analyse the diagnostic
performance of the respective [IEVs] population. (*p<0.05, **p<0.005, ***p<0.0005).).” 84. Note:
taMPs = tumour associated MPs = tumour derived 1EVs. Figure published in Journal of Hepatology

by us 84.

Interestingly, to achieve the latter goal, another combination consisting of EpCAM
and ASGPRI as simultaneously detectable on AnnV*EpCAM ASGPR1" IEVs was
highly associated with both liver cancer entities, here HCC and CCA, but not with

non-malignant cirrhosis (figure 15A). Unfortunately, disallowing us a clear

100
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separation between HCC and CCA. “Nevertheless, AnnexinV'EpCAM"ASGPR1"
[IEVs] were significantly elevated by 3.0-fold in [HCC and CCA] (p<0.0005, one-
way ANOVA with Dunn's test, Figure 14A), individually, HCC by 3.01-fold and
CCA by 2.97-fold (p<0.005, p<0.05, respectively). The accompanied AUROC values

were significant and indicated solid diagnostic performance.” 84 (figure 15B).
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Figure 15: “EpCAM* ASGPR1" [IEVs] from human serum can separate patients with indicated
liver tumours from patients with cirrhosis. [I[EVs] were isolated and characterized by FACS from
the sera of cancer patients (CCA, HCC) and patients with cirrhosis. The cohort ‘Liver Tumour’
combines both HCC and CCA patients. (A) Visualises EpCAM* ASGPR1" [IEVs] values for each
study cohort given in mean with 95% CI. The dotted line represents the cut-off value for assessing the
diagnostic accuracy of the population. Differences were assessed by one-way analysis of variances
(ANOVA) including Dunn’s test. For each population the corresponding ROC curve and AUROC
value is displayed in (B) in order to analyse the diagnostic performance of the respective [IEVs]
population. (C) Progress of EpCAM* ASGPR1* [IEVs] values of liver tumour patients before surgical
RO tumour resection (pre-OP) and day 2, day 7 and day 10 after the resection. Only pre-OP values
above the respective cut-off for liver tumours were included into analysis. Right panel, mean with 95%
CI values of each day are depicted. [IEVs] levels for each post-OP day were compared to pre-OP
values by applying a two-tailed Wilcoxon matched pairs signed rank test, resulting in significant p

values. (*p<0.05, **p<0.005, ***p<0.0005).” 84. Note: taMPs = tumour associated MPs = tumour

derived IEVs. Figure published in Journal of Hepatology by us 84.

Of note, if tumour mass was completely resected (R0), we could monitor a significant

drop of AnnV'EpCAM'ASGRP1" IEVs at day?2 post resection (figure 15C), which
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was expected since with the removal of the tumour load IEV donor cells were absent
and hence remaining 1IEVs were cleared from the circulation in a timely manner.
Precisely, mean pre-OP AnnV'EpCAM'ASGPRI1" [IEVs] levels of 26.7
AnnV*'EpCAM* ASGPRI1" [IEVs] per 10° AnnV™ [IEVs] dropped significantly at day
2 post-OP to 16.1 AnnV'EpCAM* ASGPR1" [IEVs] per 103 AnnV* [IEVs] and
remained low at day 10 post-OP at 7.7 AnnV'EpCAM*ASGPR1" [IEVs] per 103
AnnV™" [IEVs]. However, drop of those indicated IEVs were less pronounced as

reported for sEVs after complete removal of pancreas cancer 124.

In summary, we reported that a separation between non-malignant cirrhosis (F4) and
investigated liver cancer as HCC and CCA is achievable. However, indicated clinical
values (reported AUROC and sensitivity and specificity) denied a clinical application
for diagnosis without further validation by other clinical diagnostic means as CT/MRI
or invasive liver biopsy. But rather a cancer screening at best, since AUROC and
sensitivity and specificity was better than ultrasound and AFP measurement in HCC
141. Tzartzeva K et al. reported 2018 in their meta-analysis that “sensitivity of
ultrasound with or without AFP for detection of HCC at any stage, sensitivity of
ultrasound alone was 78% (95% CI 67%—86%) compared with 97% (95% CI 91%—
99%) for ultrasound plus AFP.” 141. Specificity was not assessed in greater detail
allowing us a direct comparison between our clinical values and calculated meta-
analysis data. Of note, our cohort sizes were smaller than the above-mentioned study.
Nevertheless, the fact that the smallest tumour diameters that was successfully
detected by AnnV'EpCAM™ IEVs was of 9 and 10 mm was promising for relatively
early detection 142. Notably, smaller diameters were not present in our cohort, thus

it is possible that IEVs would provide even better sensitivity for detection.
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Figure 16: “Possible application as a diagnostic tool for detection of liver cancer. Overview of the
application of the presented data is displayed as potential future detection guideline for non-invasive
[IEVs] liver cancer assessment in patients at risk to develop liver cancer. This approach will consist of
a general screening for elevated AnnV'EpCAM' [IEVs] and AnnV'EpCAM'CDI147" [IEVs]
indicating a liver disorder, here liver cancer or cirrhosis. Patients positively identified by elevated
values above given cut-offs will follow a second step, where [IEVs] screening will consist of a
validation and a differentiation step. 1st — Validation of liver cancer or cirrhosis — using the screening
for AnnV*® EpCAM™CD133" [IEVs] and AnnV'EpCAM*ASGPR17CDI133" [IEVs]. 2nd — Final
discrimination between liver tumours and cirrhosis — here, the presence of AnnV'EpCAM*ASGPRI1*

[IEVs] will be evaluated. Patients identified with liver cancer will undergo finally tumour assessment

with MRI/CT/biopsy.” 84. Note: taMPs = tumour associated MPs = tumour derived 1EVs. Figure

published in Journal of Hepatology by us 84.

Additionally, we embedded our findings in an overall scheme how to utilise it in liver
cancer screening in liver cirrhotic patients being at risk to develop HCC (figure 16).

Suggesting a two-step approach as outlined in figure 16.; 1% confirming presence of
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malignant cirrhosis or non-malignant cirrhosis, hence liver disorders as HCC, as CCA
or as cirrhosis and 2™ to differentiate between those, here between liver tumour-

bearing vs. non-liver tumour- bearing patients.

From the methodologic point of view this work demonstrated that cancer entity
specific antigen combination might be achievable on 1EVs, a method which due to
methodological shortages to detect several surface antigens simultaneously on
exosomes (sEVs) was not attenable at that time. In 2015 Melo ef al. took advantage
of a simple and smart move to make sEVs detectable by FACS 124. In fact, sEVs are
capable to bound unspecifically to latex beats. However, how many of those sEVs
could potentially bind to one latex bead was shown exemplary for some sEVs by the
authors, but overall sEV binding capability remained unknown to such latex beads as
expressed in precise numbers 124. Hence, each exosome loaded latex beat generated
only one accountable FACS event that was displayed as Glypican 1 positive sEVs.
This methodology denied detection of two surface antigens simultaneously on same
sEVs. Since signal A (antigen a) could originated from sEVs X and Y and signal B
(antigen b) from Y or Z sEVs. Meaning a single latex bead positive for A and B, can
potentially be loaded with 3 different sEV populations. sEV population X (only a), Y
(a and b) and Z (only b). Newest developments in sEVs analysis permits now
detection of several antigens simultaneously on same sEV by advanced FACS
devices as Amnis ImageStream 128 or advances microscopes as NanoView’s

ExoReader R100.
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3.23 Synergistic effect of two biomarkers in hepatobiliary cancer entities
— A comeback of Alpha-fetoprotein (AFP).

After demonstrating that a liver cirrhosis, here a non-malignant F4 cirrhosis
(according to Scheuer PJ 143 and METAVIR 144 two frequently used S-tier
histological staging systems), are well distinguishable from hepatic malignancies as
HCC or CCA via a set of antigens as detectable simultaneously on same patients’
IEV, we aimed to achieve a separation between those hepatic malignancies as HCC
and CCA, with an emphasize on intrahepatic CCA. Since ductular and extrahepatic
CCA may be fairly well distinguished from HCC. Intrahepatic CCA (iCCA) remains
challenging and requires ample of experience, operator hours, to distinguish HCC
from iCCA 145 on the basis of morphology 146. In our experimental approach we
actually excluded mix forms of HCC/CCA, which show both characteristics of HCC

and CCA and represent another challenge.

Currently, few markers are used to identify liver progenitor cells (LPCs), such as
CD24 (Cluster of differentiation 24) 147, Prominin-1 (CD133) 148, Stem cell antigen
1 (Sca-1) 148, Epithelial cell adhesion molecule (EpCAM) 147, ATP-binding
cassette sub-family G member 2 (Abcg2), Leucine-rich repeat-containing G-protein
coupled receptor 5 (Lgr5)149, podoplanin / glycoprotein 38 (gp38) 148 and A6
antigen and Macrophage inhibitory cytokine-1-1C3 (MIC1-1C3) 150 besides others.
Additionally, part of the periportal triad is besides the portal vein and the hepatic
artery, the bile duct, which forms intrahepatic ductules and the canals of Hering lined
by liver progenitor cells (LPCs) 145. Bile ducts and ductules are part of the biliary
system and we assumed that LPCs due to their close location to the biliary system
would be affected or activated in the presence of biliary cancer, here CCA or GbCA.
Based on this assumption and well-funded on our previous publication on LPCs 148,
we had chosen CD133 and gp38 as surface markers that could be simultaneously
detectable on LPC derived 1EVs helping us to differentiate between HCC and CCA
including iCCA. Additionally, during study we observed that IEVs, even derived
from LPCs wouldn’t allow us a complete differentiation between HCC and CCA,
therefore, we additionally investigated a possible synergistic effect of adding AFP to
our differentiation protocol indicating a possible revival of AFP in case of hepatic

malignancy screening and diagnosis in case of HCC and CCA.
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Main results: In our previous publications on tumour associated IEVs we described
surface antigen combinations on IEVs most likely derived from tumour cells directly.
Since this approach somehow failed to differentiate between HCC and CCA
(including iCCA), we addressed the question if IEVs indirectly associated with cancer
per se but rather linked to LPCs might be beneficial in separating HCC from biliary
cancer entities such as gallbladder cancer (GbCA) as extrahepatic CCA, and
intrahepatic CCA. Following our typical approach, 1% we checked our surface antigen
candidates on tumour cell lines in vitro (figure 17). EpCAM was highly expressed on
all human tumour cell lines, on HCC cell lines as HUH7, HepG2 and Hep3B and on
CCA cell lines as TFK-1, EGI-1 and CCC-5 too. CD133 stable on HCC cell lines as
compared to CCA cell lines by 6.7-fold (p<0.0001), whereas CD44v6 is increased by
5.0-fold (p<0.0001) in CCA cell lines as compared to HCC cell lines. As expected
neither tumour cell line expressed gp38. 2" this preliminary in vitro data was repeated

with human derived 1EVs (explorative study, data not shown) 17.
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Figure 17: Human HCC and CCA cell lines show differential expression pattern of candidate
markers. HCC tumour cells (HuH7, HepG2, Hep3B, each n=3) and CCA tumour cells (TFK-1, EGI-
1, CCC-5, each n=3) were after starving for 16-24 hrs, cells harvested and EpCAM, CD133, gp38 and
CD44v6 via FACS analysed. A two-tailed Mann-Whitney U test was performed with p<0.05
considered statistically significant (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001). n.s.:

non-significant. Depicted are means with standard error of mean (SEM) for each HCC and CCA cell

line individually. Figure published in Liver International by us 17.
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Figure 18: Validation study — CD133, gp38, EpCAM and CD44v6 positive extracellular vesicles
are comprehensive biomarkers for biliary cancer. [Large] EVs were isolated and characterized by
FACS from serum of indicated cancer patients and healthy donors. A, AnnV*CD133"gp38* [1]JEV
profile for biliary (biliary CA) and non-biliary cancer patients (non-biliary CA) as well as for negative
controls (HCC, cirrhosis and healthy CTRL).’Biliary CA’ combines GbCA and CCA patients. ‘Non-
biliary CA’ comprises the cancer cohorts HCC, CRC and NSCLC. Data shown represent medians with
interquartile range (IQR), whiskers represent 1.5 x IQR (Tukey) with outliers plotted as dots. (A)
depicts the corresponding ROC curve for AnnV*CD133%gp38* EVs including AUC and P values as
well as the diagnostic cut-off for biliary CA vs HCC. [I]JEV profile for the populations



52 Results

AnnV'EpCAM*CD133%gp38* (C), AnnV'CD44v6" (E) and AnnV'CD44v6'CD133" (G) and their
corresponding ROC curves (c, e, g, respectively) are depicted. Dotted lines indicate diagnostic cut-
offs for discrimination between biliary CA and HCC for the respective [I]JEV population. Statistical
significance was assessed by Kruskal-Wallis nonparametric test with 3 df followed by Dunn's Multiple
Comparison post hoc test (p<0.05). AnnV*CD133"gp38* (B), AnnV'EpCAMCD133*gp38* (D),
AnnV*CD44v6* (F) and AnnV'CD44v6*CD133" (H) [IJEV profiles of intra- and extrahepatic CCA
within the total CCA cohort are shown. Statistical significance was assessed by two-tailed Mann-

Whitney U tests with P < .05 considered statistically significant” (¥p <0.05, **P < .01, *** = P <

.001)” 17. Figure published in Liver International by us 17.

Our validation study (figure 18) revealed that a clear separation between HCC and
biliary cancers (GbCA and CCA/iCCA) entities is most likely achievable associated
with a sensitivity ranging between 72% and 91% and a specificity ranging between
58% and 69% between HCC specimens and biliary cancer specimens for the indicated
IEVs, see table 2. Interestingly, and somehow against our own previous hypothesis,
that only the combinations of multiple EV surface antigens simultaneously detectable
on same tumour associated IEV (talEV) could be superior over a single EV surface
antigen in diagnosis, we observed actually best AUROC value with CD44v6 as
detectable on AnnV*CD44v6" talEVs with an AUROC of 0.81 (p<0.0001), see figure
17E. The investigated LPC derived 1EVs, here AnnV*CDI133%gp38" IEVs and
AnnV'EpCAM*CD133*gp38" IEVs were inferior by their AUROC values (figure 18
and table 2).

Unfortunately, but somehow expected, our chosen IEV antigens failed to differentiate
between 1ICCA from extrahepatic CCA (exCCA). Reasons could be manifold:
expression arrays showed by others only distinct differences regarding classes
associated with metabolism, proliferation, mesenchymal — and immunological status
between those two cancer entities 151, and non-of those molecules are actually
surface antigens. Hence, our methodology solely depending on surface antigens on

IEVs might need additional component for successful diagnosis.
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Table 2: “Diagnostic performance of the indicated EV populations individually and combined
with AFP in biliary cancers (GbCA and CCA) as compared to HCC. Depicted are diagnostically
relevant cut-offs (AFP: ng/mL, EVs: number per 10° AnnV* EVs) as well as sensitivities, specificities,

positive (PPV) and negative predictive values (NPV). n indicates cohort size, (*combined AUROC

were not calculate.” 17. Table published in Liver International by us 17.

Progenitor cell-associated EVs

(biliary CA: n = 73, HCC: n = 59) AUROC P-value Cut-off Sensitivity [%] Specificity [%] PPV [%] NPV [%]
AnnV'CD133"gp38” 0.74 <.0001 1043 72.6 59.3 68.8 63.6
AnnV*'EpCAM*CD133°gp38* 0.68 <.0001 7.83 71.2 59.3 68.4 62.5
AFP 0.89 <.0001 20.00 98.6 54.2 72.7 97.0
AFP and AnnV'CD133"gp38” * * 20.00 and 10.43 100.0 76.3 83.9 100.0
AFP and * . 20.00 and 7.83 100.0 76.3 83.9 100.0

AnnV'EpCAM*CD133'gp38*

Tumor-associated EVs (biliary CA:

n=60,HCC: n=29) AUROC P-value Cut-off Sensitivity [%] Specificity [%] PPV [%] NPV [%]
AnnV*'CD44vé" 0.81 <0001  34.00 91.7 69.0 85.9 80.0
AnnV*CD44v6'CD133" 0.75 <.0001 10.24 81.7 58.6 80.3 60.7
AFP 0.95 <.0001 20.00 98.3 79.3 90.8 95.8
AFP and AnnV'CD44vé" * * 20.00 and 34.00 100.0 100.0 100.0 100.0
AFP and AnnV'CD44v6'CD133" * * 20.00and 10.24 100.0 96.6 98.4 100.0

Since a clear and complete separation up to 100% between HCC and biliary cancers
had been not yet achieved by us with IEVs alone, we explored and evaluated a
possible synergistic effect of investigated LPCs derived lEVs populations as
AnnV'CDI133%gp38* IEVs and as AnnV'EpCAM CD133%gp38* IEVs and talEVs as
AnnV*CD44v6" talEVs and as AnnV*CD44v6"CD133" talEV's with AFP (figure 19).
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Figure 19: “Tumour-associated large EVs improve the diagnostic performance of AFP and
CA19-9. After isolation of serum IEVs and flow cytometry characterization AFP values of HCC and
CCA patients were combined analysed and depicted. Indicated in red triangles are patients that based

on AFP levels are not classified as HCC patients (AFP < 20 ng/mL) but can positively be identified as
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HCC by AnnV*CD44v6" 1EVs, left panel. Right panel, CA19-9 values of HCC and CCA patients are
displayed. Indicated in blue are patients that based on CA19-9 levels are not classified as CCA patients
(CA19-9 < 129 U/mL) but can positively be identified as CCA by AnnV*CD44v6" gp38* IEVs. Data
is shown as scatter plots including median with interquartile range. n indicates number of patients.
Dotted lines indicate recommended diagnostic cut-off of 20 ng/mL for AFP and 129 U/mL for CA19-

9. Statistical significance was assessed by two-tailed Mann-Whitney U tests with p < 0.05 considered
statistically significant. (*=p<0.05, **=p=<0.01, ***=p<0.001, ****=p<0.0001)”. 17. Figure published

in Liver International by us 17.

In order to do so, we assessed the diagnostic potential of two-IEV populations, LPCs-
derived IEV and talEVs populations each plus AFP for separating HCC and biliary
cancers. SOP was given as: HCC defined as: AFP >20 ng/mL or indicated IEVs levels
below cut-offs; biliary cancer defined as: AFP <20 ng/mL or indicated IEV levels
above the respective cut-offs. Patients were considered being positive for HCC if
patients fulfilled at least one parameter, for example: if diagnosis was relying only on
AFP we observed a typical outcome that only a certain percentage of HCCs had been
associated with an elevated AFP value above 20 ng/mL and could be designated

correctly as HCC.

Examining further this low AFP HCC tumours, we observed that some of those HCC
samples were negative for our LPC IEVs and talEVs. And therefore, correctly

designated as HCC accounting to the lacking LPC IEVs and tumour associated 1EVs.

Vice versa, in case of biliary cancer entities, only one sample had been associated
with AFP above 20 ng/mL and conclusively falsely considered to be an HCC.
However, this high AFP+ biliary cancer specimen was however correctly associated
with LPC IEVs and talEVs levels above calculated cut-offs indicating a biliary cancer
entity. The detailed statistical examination (table 2) indicated that AFP and talEVs
together, at least if one parameter/criteria is fulfilled (AFP low or talEVs high (here
AnnV*CD44v6")), achieved 100% correct separation between HCC and biliary
cancer with a sensitivity of 100% and a specificity of 100%. AFP plus LPCs IEVs
(AFP high or LPCs 1EVs low, here AnnV'EpCAM*CD133"gp38") resulted in a
sensitivity of 100% and a specificity of 76.3%. Potentially and from relevance it is
noteworthily to mention that either AFP in combination with CEA or CA19-9 did not

led to a better separation between HCC and biliary cancer entities, indicating the
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unique and versatile nature of talEVs in cancer screening as a novel liquid biopsy 17.

This synergistic effect of AFP and IEVs, that IEV’s sensitivity is much improved if
combined with AFP is somewhat surprising, but similar synergistic benefits were
reported combining AFP and ultrasound. Tzartzeva K et al. reported that the actual
sensitivity of ultrasound was advanced with AFP for detection of HCC at any stage.
Sensitivity of ultrasound alone was 78% (95% CI 67%—-86%) compared with 97%
(95% CI 91%— 99%) for ultrasound plus AFP 141. Of note, our improvement is
restricted to differentiating HCC from iCCA. Taking into account that typically CCA
is not associated with AFP increase except for combined (or mixed) hepatocellular-
cholangiocarcinoma (cHCC-CCA) 152 and usually 60% to 80% of HCCs cases are

AFP positive 153, nearly 100% separation of those two liver cancer entities in this

experimental setting must be validated in larger cohorts. However, in spite of that
AFP lacks the capacity for clear HCC diagnosis, AFP is still interesting in
combination with ultrasound as shown by Tzartzeva K et al. and in combination with

IEVs as shown by us.
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4 Discussion

4.1. Conclusion

More than a decade ago the role of large EV (IEVs) in context of hepatic
pathophysiology wasn’t well understood. Especially their role in fibrogenesis or from
far bigger importance in fibrosis resolution of established hepatic fibrosis and
cirrhosis (Aim I). Our in vitro data as published 2011 in Hepatology shed light on a
possible role of T-cell derived EVs inducing fibrolysis in hepatic stellate cells 36.
Additionally, then, we were strongly emphasizing a quality difference in EVs’
capability to induce fibrolysis depending on how EV release was induced in EV donor
T-cells, here with Staurosporine (apoptosis) vs. Phytohemagglutinin (activation), thus
differences between EV donor cell origins as observed between primary CD4 T-cells
vs. primary CD8 T-cells and vs. CD4 T-cell leukaemia cell line as EV donors (see
please 3.1.1). Depending on EV donor cells and used methodology, EVs capacity to
promote expression of fibrolytic active matrix-metalloproteins (MMPs) did differ as
summarized in table 1. Readout was expression of MMP1 and MMP3 and MMP13
in EV recipient hepatic stellate cells in vitro. Our reported observation that it does
matter how EV release was induced and the fact that certain T-cell types derived EVs
had been associated with a bigger potential to induce fibrolysis in vitro, was from
interest and might pave way to our hypothesis that chronic inflammation might
promote tumour growth and metastatic spread via T-cell derived EVs. Since
extracellular matrix (ECM) fibrolysis is key for a malignant cancer entity associated
with tumour cell invasion, tumour cell spread and forming secondary tumours sides
(metastasis) as reviewed by Kessenbrock K ef al. 154. Actually, we observed
alternated and enhanced tumour growth and intrahepatic metastatic spread in vivo in
pre-fibrotic mice earlier 155-156. But at that time, before 2008 we did not explore if
T-cell derived EVs were causal to our observations. 2008 EVs weren’t in focus or
considered to play such a prominent role in pathophysiology as shown by others.
Nevertheless, our hypothesis that EVs aren’t equal by just being derived from the
same donor cell type, but rather depending on associated EV release trigger
mechanism might be well funded by us (see please 3.1.1) 36. Interestingly, most of

T-cell derived IEV in human specimens were additionally CD25%, indicating that EV



57 Discussion

donor T-cells were activated in vivo prior IEV release 36. However, this finding has
to be repeated with newest methodology since we used at that time an LSR2 flow
cytometer for 1IEV characterisation. A comparism across various commercially
available FACS devices indicated that BD LSR2 are fine, bearing the needed
sensitivity for IEV analysis if well maintained 127. Newer FACS devices might be
very well superior, but still not capable to detect robustly single sEVs 127 except
Amnis ImageStream device 128. With the access to our ExoView Reader from
NanoView Biosciences, a microscope-based device for the numeration of
immunological captured EVs, we aim to confirm this earlier done data in an multi-

centric approach.

Independently of used EV flow cytometer, T-cell derived EVs’ fibrolytic capacity
was depending on EV uptake that was shown to be partly depending on a receptor
ligand interaction and could be likely enhanced or prevented as shown by us at that
time 36. Indicating that EVs aren’t just an artefact or a release mechanism for
intracellular stored ‘garbage’, no longer needed proteins, nucleotides etc, or other
cellular waste. We showed a distinguished role of T-cell derived EVs in their
interaction with hepatic stellate cells of the liver, the major driver of hepatic

fibrogenesis more than a decade ago 36.

Additionally, we have to acknowledge and discuss that we used primary T-cells as
EV donors, but CD4" Jurkat cells as well. Jurkat cells are in fact leukaemia derived
cancer cells. Thus, EV uptake of EMMPRIN (CD147) positive EVs, eventually
resulting in an advantage in case of migration and metastatic spread as shown by
others 157-158. In our study, Jurkat cell derived EVs induced downstream pathways
as p38/MAPK signalling pathway 36 that could results in cancer metastatic spread in
agreement that CD147 might be a likely direct driver of cancer cell metastasis due to
CD147" EVs 158. This could underline a hypothetical autocrine effect, that tumour
cells might have a capability to increase metastatic spread by their own EVs if needed
through such autocrine effect, probably as a response by any kind of disturbance such
as undergoing anti-cancer therapy. Therefore, it would be from interest to explore the
metastatic potential of tumour derived EVs and their effect after initiating cancer

therapy as chemotherapy or radiofrequency ablation (RFA). In fact, we could show
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that RFA might induce tumour cell proliferation that is temperature depending,
restricted to a certain temperature and probably triggered by EMT 159. Lately EMT
has been associated with EV uptake in Diethylnitrosamine (DEN)-induced HCC
small rodent model 160. Additionally, in thyroid cancer too 161. Taking this in
account, we might speculate that EV release could be a hint for a novel hypothetical

tumour cell escape mechanism besides inflammatory mediated tumour tolerance.

Besides functional aspects of our Hepatology publication we observed that
AnnV'CD4" IEVs and as AnnV*CD8" 1EVs were present and elevated in active
hepatitis C with ALT above 100 IU/L (figure 3) 36. This finding by us could be
considered as the starting point of our diagnostic approach to utilize IEVs as a liquid
biopsy biomarker in chronic hepatic disorders as HCV and NAFLD and hepatic
cancer malignancies as published later on with great success in Gastroenterology 85

and Journal of Hepatology 84.

Our Gastroenterology work confirmed our preliminary data as published previously
and demonstrated that that indicated EVs populations that are associated with the
immune status in those diseases as AnnV'CD4" EVs, as AnnV'CD8" EVs and as
AnnV'CDI14" and as AnnV INKT* EVs* could be fairly well utilized to discriminate
between healthy study controls and patients suffering from active HCV and NAFLD
patients (Aim II) as discussed in 3.1.2 (figure 4). Besides our great success at that
time and methodological limitations as seen from nowadays perspective, here using
BD LSR2 FACS device, especially our experimental study design was flawed by the
fact that we just included 3 human study cohorts, HCV patients, NAFLD patients and
healthy volunteers as negative controls 85. As reported, we monitored differences
between those three study cohorts, but the questions remained: what about other
specimen entities, as hepatitis B, as IBD or as gluten sensitivity? We have
unpublished data showing that T-cell derived EVs were elevated in those diseases
too, as well AnnV*CD14" EVs. However, our aims of this earlier human study were
to elaborate if profiling of IEVs in those chronic hepatic disease as part of a minimal
invasive liquid biopsy, one puncture for blood sampling instead of an invasive liver
biopsy is a) capable to differentiate among HCV and NAFLD and healthy controls

and b) somehow superior than a conventional liver biopsy which is quite invasive and
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associated with some risks. As discussed in 3.1.2, we found good arguments to fund
our hypothesis, that profiling of EVs somehow reflecting the immune status in this
chronic liver diseases might be from interest. Not only from a screening/diagnostic
standpoint, but it might shed light which immune competent cells, which immune
cascades might be involved assuming that activated immune competent cells will
release EVs upon activation. Many data acquired by others do hint that EV s play a
crucial role in the pathophysiology of inflammation-associated disorders as reviewed

by us 89.

Learning from this short coming in our study design, we decided to emphasize
strongly on using negative controls in case of our following cancer studies in near

future.

Our next publications on lEVs potentially derived directly from cancer cells, we
heavily shed emphasises on using additional cancer entities. And we aimed to explore
antigens on cancer derived IEVs that might be suitable as a general pan cancer marker

(Aim I1I).

In the past decade, EpCAM (CD326) turned out to be a useful marker in detecting
circulating tumour cells (CTCs) or tumour stem cells 116-119. Although CTCs are
rare, optical detection of such EpCAM™ tumour cells as done with the CellSearch™
System is in clinical use for a limited number of cancer entities 25:120-121. US Food
and Drug Administration (FDA) so far only approved this method for metastatic
epithelial tumours in the United States. In contrast to these scarce CTCs, EpCAM*
IEVs might be larger in numbers, a possible multiplier of EpCAM™ tumour cells in
vivo. 2015 we published that EpCAM*CD147" IEVs were far superior than EpCAM*
IEVs in terms of detecting and distinguishing cancer from other epithelial damage

(Aim III, figure 8) 111. Equal important EV shedding, including of EpCAM CD147*

IEVs, wasn’t dependent on metastatic spread 111.

So far, we have shown that AnnV'EpCAM*CD147* IEVs are elevated in NSCLC,
CrC, PaCa (figure 8) 111 and CCA and HCC 84. Unfortunally, as shown in our
Journal of Hepatology publication in hepatic cirrhosis partially too 84. This isn’t
surprising, since EpCAM and CD147 are associated with liver progenitor cells
(LPCs) and hepatic stellate cells (HSCs) that are activated in liver fibrogenesis too
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148:162:163. Emphasising a likely limitation of AnnV'EpCAM*CD147" IEVs to
distinguish between liver disorders that are associated with hepatic cancerogenesis or
hepatic fibrogenesis. Or rather an exclusion factor for our cancer liquid biopsy if only
based on AnnV'EpCAM'CDI147" IEVs. But, if hepatic cirrhosis and hepatic
malignancies are bound, as they are, how we should detect liver malignancies

typically with underlying cirrhosis and discriminate them from non-malignant

cirrhosis?

Proceeding with those thoughts, we concluded, that a specific set of antigens
simultaneously detectable on the same 1EVs and consisting of typical HCC cancer
surface antigens could permit such desired distinction between HCC on the

background of cirrhosis and non-malignant cirrhosis (Aim [V) 84.

Following our hypothesis, we investigated couple of common cancer markers and
hepatocyte markers on commercially available HCC cell lines as HUH7, HepG2, SK-
Hepl (figure 13). Our negative control were actually pancreatic cancer cell lines.
Finally, we identified some commonly shared antigens on both cancer entity cell
lines. Interestingly, an expected difference was confirmed that asialoglycoprotein
receptor 1 (ASGPR1). ASGPR1 was restricted to HCC cell lines only (figure 13) 84.
This allowed us to investigate various plausible antigen combinations on IEVs that
are highly associated with HCC or at least with hepatic cancer entities as HCC and
CCA as AnnV'EpCAM'ASGPR1" IEVs and as AnnV'EpCAM"ASGPR1°CD133"
IEVs (figure 12) 84. This approach resulted in some IEV antigen combinations that
a) could separate hepatic malignancies from non-malignant cirrhosis and additionally
from patients bearing CrC or NSCLC or as healthy patients with inguinal hernia
(figure 14), representing an epithelial tissue damage and of note from healthy
volunteers. Second set of IEV antigens could b) separate between hepatic
malignancies and non-malignant cirrhosis (figure 15), proofing that our previous
assumption that individual IEV antigen combinations for certain cancers are feasible,
however, our data as published 2017 in Journal of Hepatology 84, underlined that
restrictions how far our hypothesis is valid are given. As discussed earlier, we failed
to differentiate HCC specimens form CCA specimens (figure 15), two cancer entities

closely associated regarding several aspects including the associated organ, here
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liver, and expression profiles and histological markers especially in cases of iCCA

and cHCC-CCA 164-165.

Our next aim (Aim V) was to discover a robust IEV antigen combination that would
allow us to separate HCC from biliary cancer entities as hepatic CCA, ductular CCA
and gall bladder cancer (GbCA). In contrast to our previous approach, we focused
now on IEVs derived not directly from cancer cells per se, but rather from cells that
had been associated with hepatic organ regeneration, thus likely contributing to
cancer growth by forming cancer’s niche. As published by us elsewhere, co called

liver progenitor cells (LPCs) could be such IEV donor cells 148.

As mentioned before in 3.2.3, few surface markers were considered and selected to
identify liver progenitor cells (LPCs) derived IEVs, as Prominin-1 (CD133) 148, as
Epithelial cell adhesion molecule (EpCAM) 147, podoplanin / glycoprotein 38 (gp38)
148 and A6 antigen and Macrophage inhibitory cytokine-1-1C3 (MIC1-1C3) 150
besides others. Based on our previous publication on LPCs 148, we had chosen
CDI133 and gp38 as promising surface antigens that might be simultaneously
detectable on LPC derived IEVs. In short, we could associate AnnV'CD133%gp38*
IEVs and AnnV*CD133" EpCAM*gp38* IEVs with the presence of biliary cancers,
here CCA and GbCA, allowing us to differentiate between those biliary cancers vs
HCC (figure 18).

Examining various publications on GbCA or CCA on useful markers, CD44 draw
our attention 166°167 and its isoform CD44v6 168. CD44v6 was found on CCA
cancer cell lines as TFK-1, EGI-1 and CCC-5 but not on HCC cell lines by us (figure
17). Against our earlier published hypothesis that a combination of antigens on the
same IEVs will give us needed power to separate cancer entities 126, we checked
CD44 in those biliary cancer patients. First, it wasn’t conclusive. Other reported that
actually isoform CD44v6, could potentially aid in 168. In fact AnnV*CD44v6"
talEVs and AnnV*CD44v6"CD133" talEVs could discriminated between biliary
cancer entities and HCC and cirrhosis as published by us, but failed to distinguish
between extrahepatic (exCCA) and intrahepatic CCA (i(CCA) 17. Until now we have
to admit that we failed constantly to separate between exCCA and iCCA. A challenge
that might be set as the biggest hurdle for any liquid biopsy-based approach.
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Nevertheless, our reported discrimination between HCC and CCA (exCCA and
1CCA) wasn’t that remarkable in numbers as expressed in AUROC, sensitivity and
specificity, positive and negative prediction value (see table 2). Probably better than
other used clinical serum marker as AFP, CEA and CA19-9, but not good enough as
desired. However, EV based methodology should be suitable for routinely done liver
cancer screening, requiring moderate operator skills and being better in terms of

sensitivity, specificity, costs and patients’ convenience.

So, we picked up again an old friend, AFP. AFP was once regarded as the liquid
biopsy marker in HCC for diagnosis and screening. Guidelines were based and
recommended use of AFP once, probably more than decade ago. Nowadays AFP isn’t
recommended for diagnosis by the associated professional NGO as AASLD or EASL
7-9, two of the biggest and most influential organisations promoting and setting
guidelines in case of hepatic disorders. Though, AFP is still used for screening 13,
since its cheap and convenient. It’s simple available. Therefore, we separated our two
cancer patient collectives, HCC and CCA according to their measured AFP value.
AFP cut-off was 20 ng/mL indicating HCC 13. As expected some HCC were so called
AFP negative HCC entities. Hence, missed if screening or diagnosis would only
depended on AFP. But, those AFP negative HCC specimens were successfully
separated from CCA based on indicated 1IEVs populations (see table 2). Overall, if
AFP and AnnV*CD44v6" talEV's data was combined a positive synergy was observed
resulting in a 100% separation between HCC and CCA (exCCA and iCCA) (table 2).
Associated combined sensitivity and specificity were 100%. This data, clearly
demonstrated that IEVs alone might not bear the needed power, needed robustness in
terms of clinical usefulness, being used instead of AFP but in combination with AFP,
it might be from interest and worth to be explored further in much larger numbers,

repeated in an multi-centric study approach.

The remaining question might be are EV superior over CTCs or vice versa? To our
knowledge up to now CTC and EVs were not isolated from the same tumour bearing
patient isolated and quantified and their clinical performance directly compared.
Hence, we may only make assumptions and that matter based on reported data and

general limitation given by each methodology and under which circumstances CTC
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might be superior over EVs or EVs over CTCs. However, some methodological

similarities might be fund, more from conceptional point of view.

Though CTCs and EVs are very different in many ways, living material, ongoing
metabolism and proliferative capacity vs. non-living material, possessing small traces
of cells, besides obviously being different in size, macro vs nano-sized. Nevertheless
both, CTCs and EVs, share some methodical similarities how to be identified, some
minor conceptional and mythological differences how to be phenotyped. In common,
both are taking advantage of utilizing surface antigens as available on their membrane
surface 169. The widely used CellSearch™ is designed using surface antigens such
as EpCAM or CK and others as discussed as a kind of positive selection and CD45
for negative selection of leucocytes, besides DAPI, an intracellular nucleus staining
as discussed before 28. This nucleus staining capability of CTCs is in EVs obviously
not given, since EVs are lacking a nucleus and larger genomic material except minor
genomic fragments 170-171. Additionally, and probably one of the biggest
differences is that an intracellular staining in case of EVs, likely to be called an
intravesicular staining, wasn’t reported so far to our knowledge, since an intracellular
staining relies generally speaking “to poke holes” into the cell membrane using mild
membrane solubilizers as Tween 20, as Saponin, as Digitonin and as Leucoperm
(0.5% v/v in PBS) 172. However, a very recent publication demonstrated that EVs
bound to a coverslip overnight at 4 degrees Celsius were fixed with paraformaldehyde
and were permeabilized using 0.1% Saponin for downstream imaging purposes 173.
Without fixation, such detergence will eventually destroy as reported for sodium
dodecyl sulfate (SDS), an anionic detergent, the structural integrity of nano-sized EV's

and random those to be useless for quantification efforts 174.

Typically, both type of liquid biomarker, CTCs and EVs, had been phenotyped by
flow cytometry by several researchers around the globe using various available
models of flow cytometers including advanced imaging flow cytometry as with

various resolutions regarding lower detectable size boarder 128-175-177. 2015 Melo

et al. published eventually the so far most promising publication and the most
recognised publication and a kind of kick off in EV based cancer diagnosis 124. On

the contrary, 2004 can be regarded as the year when CTCs had their breakthrough by
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recognition and approval by the FDA. Nevertheless, the usage of small EVs in
prostate cancer diagnosis received FDA acknowledged by granting Breakthrough
Device Designation to Bio-Techne ExoDx Prostate IntelliScore (EPI) test, 28-178.
Nevertheless, CTCs had been so far researched for a longer time period than EVs as
a kind of cancer liquid biopsy biomarker in patients’ blood. Hence it is not surprising
that the methodology of CTC isolation and phenotyping is more advanced and to a
higher degree standardized. Including FDA approved for the detection of several
metastatic cancer entities in the USA. In contrast, the EV research field is somehow
still exploring and elaborating the usefulness of EVs in cancer diagnosis and
especially with a strong emphasis on prognosis 24. EVs are still somewhat
experimental and guidelines were given to the EV field by the International Society
for Extracellular Vesicles (ISEV) 2014 and 2018 179:180. Of note CTC methodology
is not final set, neither in case of EVs. New combinations of CTC antigens have been
investigated allowing diagnosis and prognosis in case of additional cancer entities,

yet not FDA approved 176.

Hypothetically, there is actually an overlap given of used antigens on CTCs and EVs

and being specific for cancer entities. The classical CellSearch™

pan cancer marker
is EpCAM, reliably used for the detection of CTCs in co-junction with CD45 and
DAPI and others (experimental) 24-28-117. Interestingly, EpCAM on IEVs as shown
by us, was insufficient in discrimination between investigated cancer entities as
colorectal-, as non-small cell lung-, as pancreas carcinoma and thyroid nodules, kind
of abnormal growth of thyroid cells forming a lump within the thyroid gland, typically
non- malignant (figure 8A). Only combination of antigens being simultaneously
present on the same 1IEV were sufficient to separate patients suffering from thyroid
gland and cancers (figure 8B). Additionally, other combinations were reported being
specific to a certain extend for biliary malignancies, including the EV based
differentiation of HCC from CCA including intrahepatic CCA as shown by us and
discussed above in greater detail. Applying cancer entity specific antigens on CTCs
was meanwhile achieved by taking advantage of hepatocyte markers as Glypican 3
and ASGPRI1, in combination with EpCAM utilizing flow cytometry for
experimental purpose 176°181.
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Some researchers didn’t rely on initial EpCAM-based capture of CTCs allowing them
to identify additional CTC populations being associated with cancer progression.
Armstrong A.J. et al. explored not only CTCs in patients with metastatic CRPC co-
expressing EpCAM or CK, but rather E-cadherin, mesenchymal proteins as
Vimentin, as N-cadherin and O-cadherin, thus CD133 as well 182. All of them
eventually missed by the FDA- approved CellSearch™ methodology and other on
CTC isolation and numeration depending methods heavily relying on EpCAM.
Amstrong’s et al. data suggests that CTCs from common epithelial malignancies co-
express epithelial and mesenchymal markers, suggesting that EMT/MET transitions
is likely contributing to metastatic progression. From importance is, that EpCAM is
lost earlier than cytokeratin during the epithelial-to-mesenchymal transition resulting
in escape from EpCAM-based CTC capture 183. To our best knowledge EMT/MET

transitions surface antigens on EVs were not explored yet.

Another flow cytometric advantage and applicable only on CTCs, eventually isn’t yet
reproduced on EVs, the so-called discrimination of high expressing and low
expressing CTCs 184, up to date not achieved on EVs. Scientist around the world can
easily providing ample of examples where it does matter if a cell’s antigen is high or
low/dim expressing 148:185. No reports are available if CellSearch™ is capable to
do so would be off-label usage. In an experimental setting the blood waste enriched
with cancer cell line cells, that blood waste discarded by CellSearch™, was collected
and passed through a micro sieves and accounted. In fact, the CellSearchTM cartridge
effectively recovered EpCAMMe" tumour cells, whereas the EpCAM"Y cells are
mainly recovered by micro sieve 186. This might be from relevance, since EU-FP7
CTC-Trap program suggested that CTCs expressing high levels of epithelial cell
adhesion molecule, EpCAMM"gh compared to EpCAM!*Y CTCs were associated with
a different clinical outcome as given in median survival in metastatic prostate and
breast cancer patients. In favour of EpCAMPMeh CT, those were strongly related to

shorter survival 184.

As shown, EpCAM plays a prominent role in the FDA approved CellSeach™ system.
The hypothetical question that must appear, is obviously, if the CellSearch™ System

and others immunoaffinity — positive selection/enrichment based systems will evolve
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further into a system that is more capable to detect specific cancer entities by utilising
another selection of antigens present on cancer derived CTCs, for example ASGPR1
and CD133 on liver cancer derived CTCs. Of note such move has successfully to pass
the clinical phases prior FDA approval and clinical use. Would such evaluation of the
CellSearch™ system give physicians an advantage in liver cancer diagnosis and

prognosis? It is debatable and financial interest might play a role.

But how about EVs, is a pre-enrichment of EpCAM" EVs feasible including a
subsequently analysis for other tumour associated antigens on those enriched
EpCAM* EVs? Indeed SEVs may be enriched with anti-EpCAM beads as done by
Ostenfeld MS et al. and subsequently analysed for a specific miRNA profiles in CRC
187.

As discussed, CTC and EVs are somewhat similar how to be used in cancer screening
and eventually in cancer diagnosis. Newest advances in EV analysis, lifting given
limitations as restricting SEVs analysis to only one surface antigen per sEVs might
allow to try out our reported cancer entity specific surface antigen combinations as
reported on IEVs on sEVs, providing the needed edge over CTC. The current
advantage of CTC is surely the higher degree of standardisation that is in our EV field
not reached. Therefore, it is from our point of view way too early to decide if CTC or

EVs are superior in cancer screening and diagnosis.
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4.2. Outlook

Over the past decade, we provided evidences that large EVs might have the capacity
to be a useful tool for liver cancer screening. We are capable to detect a liver tumour
with a fair sensitivity and specificity and if we use AFP data we might separate HCC
from CAA entities including intrahepatic CCA (iCCA). Further, we have published
that IEVs numbers will decrease with tumour removal 84-111. Hence, we speculate
that EVs might bear the potential to separate anti-cancer therapy responders from
non-responders. And if so, we hope that such differentiation between responders and
non-responders will be feasible fairly early after therapy start with current line of anti-
cancer drugs as Sorafinib and checkpoint inhibitors as PDL-1. Others have shown
that CTCs levels do respond to anti-cancer therapies and might be a robust indicator
for anti-tumour therapy success and to draw overall survival prognosis. Therefore,
we postulate the following hypothesis that liver tumour specific 1IEVs will
differentiating hepatocellular and intrahepatic cholangiocarcinoma from each other
and from other cancer entities, and might be a perfect screening tool for tumour
relapse as frequently observed in HCC. Furthermore, we expect that EVs will be very
likely a robust biomarker to evaluate current anti-cancer therapies, such as
transarterial chemoembolisation (TACE) or microwave ablation (MWA). This could
give the chance to change used anti-cancer therapy regime in time at beginning of
therapy, and use another anti-cancer therapy approach. Further modern proteomic and
genomic tools could give additional marker combinations for better cancer entity
differentiation and follow-up. Additionally, a direct comparison between CTC and
EVs regarding cancer screening, diagnosis and therapy monitoring is needed too in

the future.
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S  Summary

This habilitation thesis is actually spanning more than a decade of successful and high-
profile laboratory research published accordingly in high cited journals as
Hepatology, Gastroenterology and Journal of Hepatology. During more than a
decade, 2008-2021, the developments in EV science are actually well reflected by our
publication track record, e.g. as applying correct wording for investigated EV
populations in accordance with EV mainstream understanding at that timepoint.
Framing 1EVs as microparticles by us during first few years at Harvard Medical
School, probably raising unintentionally an idea of microparticles being non-organic
particles. Later developments encouraged us to use the more correct term of
microvesicles. Microvesicles had been correctly associated with vesicles that are
typically organic origin. However, micro still did not and does not imply the correct
nano-size nature of microvesicles, but, somehow still correctly emphasizing that
microvesicles are overall very little in size. Pursuing standardization in our EV
research field, 2018, my lab contributed to the publication of the revised Minimal
Information for Studies of Extracellular Vesicles (MISEV) guidelines, which
uniformly called these entities microparticles/microvesicles. Additionally, we
distinguished between large extracellular vesicles (IEVs) separating them from small
extracellular vesicles (SEVs, commonly referred as exosomes). This standardization
approach to name EVs correctly took more than a decade, as this habilitation thesis
did. However, from more importance was the research content during this decade
presented in this work. Among them was how IEVs were used as a tool to profile
HCV, later even to differentiate HCV from NAFLD. Moreover, IEVs were regarded
as a pan-cancer biomarker tool and finally were used to screen liver cancers in
valuable collectives being at risk to develop liver cancer. And recently our work
revived Alpha-fetoprotein (AFP) as a biomarker in order to distinguish HCC from
CCA including iCCA and exCCA with a pinpoint accuracy of 100% sensitivity and
100% specificity. Actually, this habilitation thesis shows the development of an idea
that was born at BIDMC, Harvard Medical School and which was completed in Bonn,

Germany.
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Human T Cell Microparticles Circulate in Blood of
Hepatitis Patients and Induce Fibrolytic Activation of

Hepatic Stellate Cells

Miroslaw Kornek," Yury Popov,' Towia A. Libermann,* Nezam H. Afdhal,' and Detlef Schuppan'

Microparticles (MPs) are small cell membrane vesicles that are released from cells during
apoptosis or activation. Although circulating platelet MPs have been studied in some
detail, the existence and functional role of T cell MPs remain elusive. We show that blood
from patients with active hepatitis C (alanine aminotransferase [ALT] level >100 IU/mL)
contains elevated numbers of T cell MPs compared with patients with mild hepatitis C
(ALT <40 IU/mL) and healthy controls. T cell MPs fuse with cell membranes of hepatic
stellate cells (HSCs), the major effector cells for excess matrix deposition in liver fibrosis
and cirrhosis. MP uptake is partly intercellular adhesion molecule 1-dependent and leads
to activation of nuclear factor kappa B and extracellular signal-regulated kinases 1 and 2
and subsequent up-regulation of fibrolytic genes in HSCs, down-regulation of procollagen
a1(I) messenger RNA, and blunting of profibrogenic activities of transforming growth fac-
tor 1. Ex vivo, the induced fibrolytic activity is evident in MPs derived from activated
CD4+ T cells and is highest in MPs derived from activated and apoptotic CD8+ T cells.
Mass spectrometry, fluorescence-activated cell sorting analysis, and function blocking anti-
bodies revealed CD147/Emmprin as a candidate transmembrane molecule in HSC fibro-
lytic activation by CD8+ T cell MPs. Conclusion: Circulating T cell MPs are a novel
diagnostic marker for inflammatory liver diseases, and iz vivo induction of T cell MPs may
be a novel strategy to induce regression of liver fibrosis. (HeraTOLOGY 2011;53:230-242)

Abbreviations: ALT, alanine aminotransferase; ERK1/2, extracellular signal-
regulated kinases 1 and 2; FACS, fluorescence-activated cell sorting; FBS, fetal
bovine serum; HSC, hepatic stellate cell; ICAM-1, intercellular adhbesion
molecule 1; IgG, immunoglobulin G; MME matrix metalloprotease; MP
microparticlee mRNA, messenger RNA; NFKB, nuclear facror kappa B; PHA,
phytohemagglutinin; RT-PCR, reverse-transcription polymerase chain reaction;
ST, staurosporine; TGFPI, transforming growth factor [; TIMP-1, tissue
inhibitor of metalloproteinase 1; TINF, tumor necrosis factor o.
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irthosis is a complication of many forms of

chronic liver disease. Due to a shortage of

donors, liver transplantation is available to only
a fraction of patients. Consequently, there is an urgent
need for antifibrotic treatments, which can prevent,
halt, or even reverse advanced fibrosis." Significant pro-
gress has been made in our understanding of hepatic fi-
brosis, which is now viewed as a dynamic process char-
acterized by an excess of extracellular matrix production
(i.e., fibrogenesis) over its degradation (i.e., fibrolysis),
which eventually leads to distortion of the hepatic archi-
tecture (i.e., cirrhosis) and loss of organ function.'?

In hepatic fibrosis, excessive extracellular matrix is
produced by activated mesenchymal cells, which
resemble myofibroblasts. Mesenchymal cells derive
from quiescent hepatic stellate cells (HSCs) and peri-
portal or perivenular fibroblasts, hereafter referred to
collectively as HSCs. Activation of HSCs by several
profibrogenic cytokines and growth factors, especially
by transforming growth factor f1 (TGF-f1), is a gen-
eral feature of fibrosis progression.” These factors are
mainly produced by activated macrophages or cholan-
giocytes, but also by liver infiltrating lymphocytes.”
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Several studies have suggested that advanced experi-
mental and possibly human liver fibrosis can regress
once pathogenic triggers are eliminated and sufficient
time for recovery is available.*” Interestingly, the same
cells that drive fibrogenesis (HSCs) can become major
effectors of fibrolysis through the production and acti-
vation of certain matrix metalloproteinases (MMPs).
This has been shown iz vitro when dermal fibroblasts
are plated from a two-dimensional cell culture dish
into a three-dimensional collagen gel,*” allowing them
to contract, thereby up-regulating MMPs and down-
regulating procollagen I production.

A recent report suggested that lymphocytes can
modulate fibroblasts in a different, non—cytokine-
mediated manner.® Thus a crude microparticle (MP)
preparation released from the membranes of Jurkat T
cells (an immortal lymphoma T cell line) during acti-
vation and early apoptosis could induce synovial fibro-
blast fibrolytic MMP expression. However, the mecha-
nisms by which these MPs exert their fibrolytic effects
remain unclear. Moreover, the effect of T cell-derived
MPs on the activation of fibrogenic effector cells of a
major organ such as the liver, where lymphocyte-
driven inflammation frequently occurs, has not been
addressed.’ Finally, such MPs were not demonstrated
in the circulation.

We report that T cell MPs circulate in blood and
are elevated in patients with active chronic hepatitis C.
Further, MPs derived both from CD8+ and CD4+ T
cells can induce a fibrolytic phenotype in HSCs. This
activity depends on fusion of the MPs with HSC mem-
branes and transfer of T cell membrane molecules such
as CD147 (Emmprin) to HSCs in a partly CD54
(intercellular adhesion molecule 1 [ICAM-1])-depend-
ent manner. We conclude that T cell MPs may become
a novel diagnostic tool and could be used therapeuti-
cally to mitigate (hepatic) inflammation and fibrosis.

Materials and Methods
Cell Lines. Jurkat T cells (ATCC#: CRL-2570,

Manassas, VA) were grown in 10% fetal bovine serum
(FBS) in Roswell Park Memorial Institute 1640 me-
dium, and LX-2 were grown in 2.5% FBS in Dulbecco’s
modified Eagle’s medium (Cellgrow, Manassas, VA).
THP-1 monocytes (American Type Culture Collection
No. TIB-202) were grown in 10% FBS in Dulbecco’s
modified Fagle’s medium (Cellgrow) and were differenti-
ated into macrophages by way of incubation with 0.05
pg/mL phorbol myristate acetate for 24 hours.”

Lymphocyte Isolation. Human peripheral blood
was collected in heparinized tubes from healthy volun-
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teers within a protocol approved by Children’s Hospi-
tal (Boston, MA). Mononuclear cells were isolated by
way of centrifugation over Ficoll-Paque Premium (GE
Healthcare, Uppsala, Sweden). After three washes in
Hank’s balanced salt solution, CD4+ and CD8+ T
cells were isolated by way of negative selection using
magnetic beads (Miltenyi Biotec, Auburn, CA).

Isolation of MPs from Activated or Apoptotic T
Cells and Monocytes/Macrophages. For induction of
apoptosis, T cells or monocytes/macrophages were
treated with 4 umol/mL staurosporine (ST) (Cell Sig-
naling Technology, Danvers, MA) for 4 hours. T cells
were activated with 5 pg/mL  phytohemagglutinin
(PHA) (Roche, Mannheim, Germany) for 24 hours,
and 3 days later restimulated. During stimulation with
PHA, T cell cultures were supplemented with 5 ng/mL
interleukin-2 (PeproTech, Rocky Hill, NJ). Three days
after restimulation, cells were pelleted and cell-free
supernatants were centrifuged at 10 x 10%g for 20
minutes yielding S10-MPs, whereas the resultant super-
natant was centrifuged at 100 x 10°¢ for 90 minutes
to yield purified, biologically active S100-MPs.

Characterization and Quantification of MPs. The
MP preparations were characterized by way of fluores-
cence-activated cell sorting (FACS) with an LSR2
sorter (Becton Dickinson, San Jose, CA) and cytomet-
ric data was analyzed with FlowJo 8.8.6 software (Tree
Star, Inc., Ashland, Oregon). MP particles were gated
on forward and sidescatter acquired from runs includ-
ing 500 standard beads (Becton Dickinson, San Jose,
CA). The number of CD3 (CD11a, CD14, CD147)
and AnnexinV (eBioscience, San Diego, CA; GeneTex
Inc., Irvine, CA for CD147) double-positive events
were calculated relative to the number of beads added
to the samples. To avoid unspecific antibody binding,
Fc receptors on MPs and target cells were blocked
with FcR Blocking Reagent (Miltenyi Biotec). Anti-
body solutions were centrifuged prior to FACS to
avoid artifacts due to aggregation.

Isolation of T Cell MPs from Human Plasma and
Liver Histology. Human peripheral blood was col-
lected in citrate-containing tubes (BD Vacutainer,
Buff. Na. Citrate [INC]; BD, Franklin Lakes, NJ)
from patients and healthy controls (protocol approved
by the Beth Israel Deaconess Medical Center, approval
no. 2004-P-000318). MPs were isolated by way of dif-
ferential centrifugation, and S100-MPs were character-
ized by way of FACS using staining for Annexin V,
CD3, CD4, CD8, CD14, CD15, CD41, and CD25
(eBioscience) as detailed above. Levels of T cell MPs
were correlated with liver histology as detailed in the
Supporting Materials and Methods.
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Incubation of HSCs with T Cell-Derived or
Monocyte/Macrophage-Derived MPs and Quantita-
tive Polymerase Chain Reaction. HSCs (200 x 10°/
well) were seeded into six-well culture plates and se-
rum-starved for 24 hours, followed by incubation with
1 x 10% or 50 x 10° S10-MPs or S100-MPs for 24
hours, and RNA extraction using TRIzol reagent (Invi-
trogen, Carlsbad, CA). ST (0.04 uM/mL) or plain
medium served as controls. One microgram of RNA
was reverse-transcribed using random primers and
Superscript RNase H-reverse transcriptase (Invitrogen).
Primers and probes are listed in Supporting Table 2.
Relative transcript levels were quantified on a LightCy-
cler 1.5 (Roche, Mannheim, Germany) using the Taq-
Man methodology.

Labeling of MPs. MP membranes were labeled
with the PKH26 lipid dye (Sigma-Aldrich, St. Louis,
MO). Labeled S10-MPs and S100-MPs were coincu-
bated with LX-2 cells for 0-1, 30, and 60 minutes,
washed extensively, and fixed with 2% paraformalde-
hyde for 15 minutes at room temperature.

Quantification of CD3 Receptor Transfer. HSCs
(200 x 10°/well) were seeded into six-well cell culture
plates (BD Labware, Franklin Lakes, NJ) for 12 hours,
serum-starved for 24 hours, followed by incubation
with 100 x 10> S100-MPs for 1 minute up to 24
hours. Cells were then washed with phosphate-buffered
saline and collected using trypsin/ethylene diamine tet-
raacetic acid (Cellgrow, Manassas, VA), and single-cell

suspensions stained with anti-CD3-APC were followed
by FACS analysis.

ICAM-1 Up-regulation of HSCs by TNFa. Tumor
necrosis factor o (TNFa) (PeproTech) was added to
HSC cultures, and ICAM-1 expression assessed after
2, 4, and 24 hours by FACS using anti-ICAM-1 PE
(eBioscience, San Diego, CA).

Comparative Proteomic Analysis. A detailed descrip-
tion of the comparative proteomic analysis is provided
in the Supporting Materials and Methods. A total of
20 pg of S-100 MP protein from ST-treated Jurkat T
cells and Huh-7 hepatoma cells was extracted and
denatured with 0.1% (vol/vol) sodium dodecyl sulfate
in phosphate-buffered saline, reduced and alkylated,
digested with trypsin, and labeled with isobaric tags
(4-plex iTRAQ; Applied Biosystems, Foster City, CA).
The two digested extracts were pooled and subjected
to two-dimensional peptide fractionation and analyzed
for their comparative proteomic signature by way of
matrix-assisted laser desorption ionization/time of
flight mass spectrometry. '
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CD54 (ICAM-1) and CD147 (EMMPRIN) Block-
ing Studies. Subconfluent, serum-starved HSCs were
preincubated with monoclonal blocking anti-human
CD54 or isotype-matched (immunoglobulin Gl
[IgG1]) control antibody (50 pg/mL; GeneTex Inc.,
Irvine, CA) for 120 minutes, washed, and incubated
with Jurkat T cell-derived S100-MDPs. S100-MPs were
incubated with monoclonal blocking anti-human
CD147 (Abcam, Cambridge, MA) or IgG1 control
antibody (50 ug/mL; GeneTex Inc.) for 60 minutes
prior to their addition to HSCs.

P65 Nuclear Factor kappa B Translocation. HSCs
were serum-starved for 24 hours, then washed with
phosphate-buffered saline and fixed in cold methanol
for 10 minutes. Nuclear translocation of p65 nuclear
factor kappa B (NFkB) was detected by incubating
cells with polyclonal p65 antibody (1:100; Delta Biol-
abs) for 30 minutes followed by TRITC-conjugated
anti-rabbit IgG (1:200, Dako, Germany). Representa-
tive images were documented using a scanning confo-
cal microscope (Carl Zeiss, Germany).

Signaling ~ Pathway  Inhibition. Serum-starved
HSCs were incubated with the inhibitors SB203580
(p38 MAPK), U0126 (extracellular signal-regulated ki-
nases 1 and 2 [ERK1/2]), and LY294002 (phospha-
tidyl-inositol-3 kinase) (LC Labs, Woburn, MA) as
described.'" The proteasome inhibitor MG132 (Rock-
land Inc.) was used to block NFxB nuclear transloca-
tion and activity.

Statistical Analysis. All data are presented as the
mean * SD. Differences between independent experi-
mental groups were analyzed using a two-tailed Stu-
dent # test. P < 0.05 was considered statistically signif-
icant. Correlations of MP levels with histological grade
and stage were calculated by best-fit linear regression
analysis based on a 95% confidence interval. All calcu-
lations were performed with Prism 4 (GraphPad Soft-
ware, Inc.).

Results

T Cell-Derived MPs Circulate in the Blood
Plasma of Healthy Controls and Are Increased in
Patients with Active Hepatitis C. We searched for T
cell-derived MPs in human plasma from normal con-
trols and patients with chronic hepatitis. Pure S100-
MPs that carried the MP marker Annexin V'*'? and
the T cell marker CD3 were present in human plasma
(Fig. 1A). Their percentage increased significantly
from 25% in healthy controls and patients with sero-
logically mild hepatitis C (alanine aminotransferase
[ALT] <40 IU/mL) to 31% in patients with
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Fig. 1. T cell-derived MPs are found in plasma and are elevated in patients with active hepatitis C. (A) Representative FACS analysis of CD3-
APC and Annexin V-fluorescein isothiocyanate double-positive S100-MPs in a plasma sample from a healthy human donor. (B) Relative percentage
of circulating CD3 and Annexin V double-positive S100-MPs from patients with hepatitis C and normal ALT levels (<40 IU/L; n = 4), elevated ALT
levels (>40 IU/L; n = 10), or high ALT levels (>100 IU/mL; n = 7). (C) CD4/Annexin V and CD8/Annexin V double-positive, CD14/Annexin V,
CD15/Annexin V, and CD41/Annexin V double-positive S100-MPs in the plasma of patients with ALT >100 IU/L (n > 9) compared with healthy
controls and hepatitis C virus patients with ALT <40 IU/L (n > 9). (D) CD8+ S100-MPs are ~80% positive for CD25. *P < 0.05. **P < 0.005.

serologically active hepatitis C (ALT >40 IU/mL and
ALT >100 IU/mL) (Fig. 1B). The higher percentages
were paralleled by a higher mean fluorescence intensity
for CD3 (data not shown). Of note, looking at T cell
subsets, patients with active hepatitis C had a signifi-
cant increase in circulating MPs derived from CD4+
as well as CD8+ T cells (two- and 1.5-fold versus
patients with mild hepatitis C and healthy controls,
respectively). Furthermore, 80% of CD8+ MPs were
additionally CD25+, a T cell activation marker.'*
Levels of MPs derived from other cells,'® such as
CD41+ MPs (from platelets) and CD15+ MPs (from
neutrophils), were unchanged, whereas CD14+ MPs

(from monocytes, macrophages, and dendritic cells)
were reduced by nearly 50% in patients with active
hepatitis C (P = 0.015) (Fig. 1C). When patients’
liver histology was matched with MP plasma levels
using linear regression analysis, both histological grade
and stage showed a significant correlation with CD4+-
and CD8+ MPs (Fig. 2).

Isolation and Characterization of T Cell-Derived
MPs. Due to the low numbers of circulating MPs, ini-
tial characterization and functional analyses were per-
formed with T cell MPs released from the human
Jurkat T cell line and from peripheral blood of healthy

human donors. We stimulated MP release either by
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Fig. 2. Levels of circulating T cell-derived S100-MPs correlate with histological grade and stage in patients with hepatitis C. Correlations of
plasma CD4+ and CD8+ S100-MPs with patient biopsy specimens were performed as detailed in the Supporting Materials and Methods.
Patients with normal and elevated ALT levels were included. CD8+ analysis did not work in one patient with biopsy (Bx) stage 4.

activation with PHA,">'® or by induction of apoptosis
using the tyrosine kinase inhibitor ST.® Whereas the
Jurkat S10-MP fraction was Annexin V'°" and
CD3"" the Jurkat S100-MP fraction was Annexin
Ve and CD3ME" (Supporting Fig. 1A), which was
confirmed by analysis of mean fluorescence intensity
(Supporting Fig. 1B). This difference between S100-
MPs and S10-MPs was found regardless of the mode
of generation (by way of PHA, ST, or PHA and ST
combined) (Supporting Fig. 1B).

Electron microscopic images from both fractions
demonstrated that S10-MPs were heterogeneous in size
and contained electron dense material, indicating de-
bris of intracellular organelles, whereas S100-MPs
showed a more homogeneous structure, being sur-
rounded by a double-layered cell membrane and being
electron-lucent, with a variable diameter ranging from
30 nm to 700 nm (Fig. 3A). Fig. 3B shows a typical
FACS scatter plot that characterizes the S-100 MPs
along with 3-um marker beads and intact T cells.

CD3 T Cell Receptor Transfer from S100-MPs to
Cell Membranes of Human HSCs. The exclusive
expression of transmembrane CD3 on T cells allowed
us to monitor the transfer of CD3 from S100-MPs to

human LX-2 HSCs. Six hours of incubation with
S100-MPs, the transfer of CD3 from MPs to HSCs
peaked, with 17% of the HSCs being positive for
CD3 (Fig. 3C,D). In support of the FACS data, fluo-
rescence microscopy demonstrated that S100-MPs la-
beled with the membrane-dye PKH26 began to attach
to HSC membranes at 30 minutes, generating a punc-
tate red-fluorescent membrane pattern, and a diffuse
membrane staining, indicative of membrane fusion,
from 60 minutes onward (Fig. 3E). Membrane fusion
was not found with PKH26-labeled S10-MPs (Sup-
porting Fig. 1C).

T Cell Derived S100-MP Do Not Induce Apopto-
sis of HSCs. Because MMDPs, especially MMP-3, are
up-regulated in cells undergoing apoptosis,’” and
because our data show that S100-MPs derived from
apoptotic T cells prominently up-regulated MMP-3 in
HSCs, we evaluated apoptosis induction by S100-MPs
using Annexin V and 7-amino-actinomycin D staining
as a readout (Supporting Fig. 1D,E). Jurkat T cell-
derived S100-MPs did not induce enhanced apoptosis
or necrosis in HSCs after 24 hours of incubation,
which also ruled out a significant ST contamination in
our MP preparations.
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Effect of S100 T Cell MPs on Fibrosis-Related
Gene Expression by HSCs. Fibrosis related transcripts
were measured in LX-2 HSCs 24 hours after addition
of 1 x 10% or 50 x 10° S100-MP from Jurkat T cells
using quantitative reverse-transcription polymerase
chain reaction (RT-PCR). S10-MPs, plain medium,
and ST alone served as controls. MPs were obtained
from PHA-activated and/or apoptotic (ST-treated)
Jurkat T cells. After induction of T cell apoptosis, sig-
nificant changes in fibrosis-related transcripts were
found with 50 x 10° S100-MP, whereas equivalent
amounts of S10-MPs had no effect (Fig. 4A). S100-
MPs induced a significant (2.05- to 4.9-fold) up-regu-

lation of fibrolytic genes (MMP-1, MMP-3, MMP-9,
MMP-13) in HSCs, whereas transcript levels of the
profibrogenic genes tissue inhibitor of metalloprotei-
nase 1 (TIMP-1) and procollagen o1(I) were unaf-
fected (Fig. 4A). Similar results were obtained when
§100-MPs were incubated with freshly isolated pri-
mary rat HSCs. Here, the human S100-MPs induced
MMP-3 even nine-fold (Supporting Fig. 2). S100-MPs
from apoptotic T cells that had been preactivated by
PHA did not induce up-regulation of MMPs in
human HSCs, but rather down-regulated MMP-3
(Supporting Fig. 4). A similar response was found
with S100-MPs derived from merely PHA-activated T
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cells (data not shown). As non—T cell controls, MPs
derived from THP-1 monocytes and macrophages did
not induce significant changes in MMP, TIMP-1, or
procollagen o1(I) transcript levels, except for induction
of MMP-3 and TIMP-1 by macrophage-derived MPs
(Supporting Fig. 4).

S§100-MPs Abrogate HSC Profibrogenic Responses
to TGFf1. Human HSCs were exposed to 5 ng/mL
TGEFpP1, which elicits a strong fibrogenic response.
Jurkat T cell-derived S100-MPs not only blunted the
TGEp1 response by reducing procollagen a1(I) expres-
sion, they induced fibrolytic MMP transcripts beyond
the levels produced by unstimulated HSCs (Fig. 4B).
Therefore, TGFS1 enhanced HSC procollagen o1(I)
expression 2.7-fold, which after MP addition was
reduced by almost 40%, and MPs increased the
expression of MMP-3 and MMP-13 almost 2.5- and
2.1-fold, respectively. In addition, both in TGFf1-
treated and TGFpf1-untreated HSCs the addition of
S100-MPs significantly reduced profibrogenic TIMP-1
expression by 30%-35% (Fig. 4B).

Comparison of the Effect of S100-MPs Derived
Jfrom CD4+ and CD8+ T Cells. Overall, apoptotic
CD4+ T cell-derived MPs induced MMP expression
in HSCs much less efficiently than MPs from CD8+
T cells, irrespective of their mode of generation (with
or without prior activation by PHA). Therefore, MPs
from CD4+ T cells did not significantly affecc MMP-
1, MMP-3, MMP-9, MMP-13, TIMP-1, or procolla-
gen o1(I) expression (data not shown). If MPs were
induced only by CD44 T cell activation with PHA, a
significant induction was observed for MMP-1, MMP-
3, and MMP-9 messenger RNA (mRNA) (between
1.7- and three-fold), whereas procollagen o1(I) and
TIMP-1 transcript levels remained unchanged (Sup-
porting Fig. 5). S100-MPs derived from apoptotic
CD8+ T cells did not affect fibrosis-related gene
expression (Supporting Fig. 6), whereas S100-MPs
from CD8+ T cells that were only preactivated by
PHA increased MMP-1 transcripts 1.9-fold and
reduced procollagen «1(I) transcripts by 30% (data
not shown). S100-MPs from apoptotic CD8+ T cells
that were preactivated by PHA produced the strongest
fibrolytic effects in HSCs, also reducing procollagen
a1(I) mRNA significantly by 45% (Fig. 5A).

CD54 (ICAM-1)-Dependent Uptake of S100-
MPs. It remains to be shown what cell membrane
molecules or receptors mediated attachment and
uptake of S100-MPs by HSCs. Our FACS analysis
revealed that >60% of S100-MPs were highly positive
for the CD54 ligand CD11a (Fig. 5B). Assuming that
ICAM-1 expressed by the recipient HSCs is engaged by
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CD11a/CD18 on the S100-MPs, an increased HSC
CD54 expression should enhance MP uptake. We there-
fore incubated HSCs with 10 ng/mL TNFag, a strong in-
ducer of CD54,"® which induced a robust (>10-fold)
up-regulation (Fig. 5C). This pretreatment led to a fur-
ther significant MP-induced increase of MMP-3, MMP-
9, and MMP-13 expression in HSCs (Fig. 5D). A direct
fibrolytic effect of TNFo on HSCs was largely ruled
out, because TNFo alone did not enhance HSC MMP-
3 mRNA, and alone modestly induced HSC MMP-9
and MMP-13 expression (Fig. 5D).

To corroborate that the observed effects were indeed
due to an engagement of CD54 on HSCs, HSCs were
incubated with CD54 blocking or an isotype-matched
control antibody 2 hours prior to addition of S100-
MPs. CD54 blocking resulted in a significant down-
regulation of MMP-3 and MMP-13 transcripts
induced by MPs from Jurkat T cells (40% and 45%,
respectively) (Fig. 5E).

Emmprin (CD147) Is Involved in MP-Induced
MMP Induction in HSCs. Comparative quantitative
proteomics of T cell versus control (Huh7 hepatoma)
cell S100-MPs using iTRAQ isobaric tagging yielded
three candidate cell (membrane)-associated molecules,
other than growth factor or cytokine receptors, namely
nodal modulator 1 and 2 (molecules involved in the
inhibition of TGFf signaling and Emmprin/Basigin
(CD147) (Supporting Table 1). FACS analysis showed
that T cell-derived S100-MPs as well as HSCs were
highly positive for CD147 (>70% and 99%, respec-
tively), a molecule that requires homodimeric interac-
tion for MMP induction (Fig. G6A). Blocking of
CD147 on S100-MPs (CD8+ T cell-derived after
induction with PHA and ST) resulted in a significant
reduction of MMP-3 and MMP-9 transcripts (35%
and 30%, respectively) (Fig. 6B), confirming the func-
tional involvement of CD147.

Fibrolytic Activation of HSCs by S100-MPs
Depends on NFxB and ERKI1/2 Pathways. HSC
MMP-3 induction by T cell MPs was completely
abrogated by inhibition of p42/p44 mitogen-activated
protein kinase (ERK1/2), to a modest degree by inhi-
bition of p38 or NFxB, and remained unaffected by
inhibition of phosphatidyl-inositol-3 kinase/Akt (Fig.
6C). >10% of HSC showed NFkB relocation to the
nucleus after incubation with S100-MP, confirming
modest activation of the NFxB pathway (Fig. 6D).

Discussion

We have shown that CD4+ and CD8+ T cell-
derived MPs can be detected in human plasma, and
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Table 1. Summary of Observed Fibrolytic Effects on HSCs Induced by S100-MPs Derived from Activated and/or Apoptotic
Human T Cells

Jurkat CD4+ CD8+

sT PHA+ST PHA sT PHA+ST PHA sT PHA+ST PHA
MMP-1 (++) ~ ~ ~ + ~ ++ ++
MMP-3 ++ + ~ + ~ ++ ~
MMP-9 ++ ~ ~ ~ ~ + (+++) +++ (++)
MMP-13 ++ ~ ~ ~ ~ 4+ + ~ ~
TIMP-1 ~ ~ ~ ~ ~ ~ ~ ~ ~
Pro-collagen a1(1) ~ ~ ~ ~ ~ ~ ~ — ~

MMP-1, MMP-3, MMP-9, MMP-13, TIMP-1, and procollagen o1(l) transcript levels were determined by way of quantitative RT-PCR in LX-2 HSCs (2 x 10° cells
per well) incubated with (active) S-100 or (inactive) S-10 MPs for 24 hours. Only effects >50% were considered relevant. Up-regulation was categorized as follows:
+-+-+, more than four-fold; 4+, more than two-fold; +, less than two-fold compared with plain medium without MPs or ST; down-regulation was categorized as

follows: ---, more than 75%;

that their percentages were significantly elevated in
patients with active hepatitis C, as reflected by high
ALT levels. In wvitro, S100-MPs are released from
human T cells after activation (and apoptosis) and fuse
with the cell membranes of HSCs and transfer mem-
brane molecules (CD147, Emmprin), which triggers
up-regulation of fibrolytic MMP-1, MMP-3, MMP-9,
and MMP-13. Of note, the circulating CD4+ and
CD8+ S100-MPs found in patients’ plasma mainly
derive from activated T cells, and their equivalent gen-
erated ex vivo by PHA stimulation of donor CD4+
and CD8+ T cells most strongly up-regulated puta-
tively fibrolytic MMPs in HSCs (Table 1). This find-
ing will likely have relevance in vivo, because activated
HSCs are the principal driving force of liver
fibrogenesis.

MPs were described as a product of various kinds of
cell types, including T cells, as a product of activation
or early apoptosis. However, characterization of the bi-
ological effects of these MPs has been limited. A prior
study implicated MPs from the Jurkat T cell line in
fibrolytic activation of synovial fibroblasts.® Questions
relevant to liver disease or diseases of other epithelial-
mesenchymal organs have not been addressed.

We demonstrated that increased T cell activation
(and apoptosis) in active hepatitis C'? is paralleled by
excess release of T cell-derived MPs, which can be
detected in the circulation. Using T cell subpopula-
tions and HSCs, both of which are key players in liver
inflammation and fibrogenesis, we demonstrated the
functional relevance of these MPs in vitro. Therefore,
T cell MPs ameliorated or even blunted the fibrogenic
response that is usually prevalent in chronic hepatitis,'
including the neutralization of fibrogenic activation of
HSCs by TGEf1, the strongest profibrogenic cytokine
in hepatic fibrosis and other fibrotic diseases.”

Of note, not all T cell-derived MPs were equally
potent inducers of fibrolytic MMP expression in

--, more than 50%; -, less than 50% compared with plain medium without MPs or ST; ~, not significant toward ST control.

HSCs. Therefore, MPs derived from apoptotic and
activated CD8+ T cells were the strongest inducers
compared with MPs from activated CD4+ T cells or
from the CD4-expressing Jurkat T cell line (Table 1).
In this regard, it is noteworthy that CD8+ cells pre-
dominate in livers with hepatitis C, and the presence
of CD8+ rather than CD4+ T cells has been corre-
lated with the progression of liver fibrosis.”>>* These
contrast with circulating MPs in inflammatory intesti-
nal diseases where CD4+ T cell-derived MPs predom-
inate (unpublished data). Therefore, MPs derived from
activated (and apoptotic) CD8+ and CD4+ T cells
may represent a negative feedback loop that counteracts
the yet ill-defined profibrogenic activity of T cells once
they become highly stimulated (as reproduced in wvitro
with PHA) with or without subsequent deletion by apo-
ptosis. Human T cell-derived MPs could also potently
induce MMP expression in primary HSCs from rats,
suggesting a conserved mechanism, which is working
beyond species boundaries. MPs from THP-1 monocytes
and macrophages did not significantly induce fibrosis or
fibrolysis-related transcripts, except for an induction of
MMP-3 and TIMP-1 in macrophages, underlining the
unique properties of T  cell-derived MPs.

As a prominent adhesion molecule in T cell interac-
tions, we evaluated the role of CD54 (ICAM-1).
CD54 is needed for the adhesion of lymphocytes to
antigen-presenting cells for immune priming and for
the interaction between T cells and HSCs.>*® We
showed that both the fusion of and biological effects
elicited by T cell-derived MPs were at least partly
mediated through CD54. In addition, proteomic anal-
ysis revealed several membrane and intracellular mole-
cules in the S100-MP preparation from Jurkat T cells
that were absent in the S100-MP fraction from inactive
control cells (Supporting Table 1). A primary candidate
molecule in this search was the transmembrane MMP
inducer Emmprin/Basigin (CD147). CD147 is expressed
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on monocytes, stromal fibroblasts, platelets, cardiac myo-
cytes, and on tumor epithelia including hepatocellular
cancer cells.***” Homodimerization of CD147 by inter-
action of neighboring cells elicits signaling pathways that
lead to expression of MMP-1, MMP-2, MMP-3,
MMP-9, and MMP-11.2** Of note, CD147-CD147
interactions were found between tumor cells’' and
suggested between tumor cells and surrounding fibro-
blasts.”> CD147 activation on monocytes was reported
to activate the NFxB pathway and induce MMP-9
expression,®” and to stimulate the ERK1/2°* and p38
MAPK pathways.”> By using a CD147 blocking anti-
body, we confirmed the functional involvement of this
(MMP  down-regulation by 30%-35%).
Additional fibrolytic mechanisms may be engaged in
HSCs by S100-MPs, which involve mainly ERK1/2
and NFkB activation. Furthermore, although not the
focus of the present study, transfer of bioactive soluble
molecules within MPs (e.g., cytokines, microRNAs, or
effectors of hedgehog signaling) may occur.*®

To date, the generation of MPs in general and of T
cell-derived MPs in particular for in vive therapeutic
use remains elusive. So far, only one group infused tu-
mor cell-derived MPs under well-defined conditions in
vivo to accelerate arteriolar occlusion.'® The reasons are
several, including potential difficulties to induce MPs
specifically in CD8+ T cells as the major fibrolytically
active T cell subset, or to prevent undesired side effects
when using cytokines, biological agents, or proapoptotic
agents. Alternatively, MPs could be generated ex vivo to
be infused or even injected into the target organ.

In conclusion, we demonstrated a novel mechanism
by which activated (and apoptotic) T cells induce
fibrolytic activation of HSCs, the most relevant fibro-
genic effector cells in the liver. The proposed mecha-
nisms are schematically illustrated in Fig. 6E. We
assume that similar mechanisms likely apply to cells of
other organs once T cell infiltration dominates the
inflammation. We identified CD54 and CD147 as im-
portant mediators of MP fusion with HSC membranes
and MMP induction, but we anticipate that additional
molecular players will be discovered. T cell-derived
MPs may give rise to their exploitation as novel diag-
nostic markers and potential antifibrotic agents.

molecule
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Circulating Microparticles as Disease-Specific Biomarkers of Severity of
Inflammation in Patients With Hepatitis C or Nonalcoholic Steatohepatitis
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BACKGROUND & AIMS: Microparticles released into
the bloodstream upon activation or apoptosis of CD4*
and CD8" T cells correlate with inflammation as deter-
mined by histologic analysis in patients with chronic
hepatitis C (CHC). Patients with nonalcoholic fatty liver
(NAFL) or nonalcoholic steatohepatitis (NASH) can be
differentiated from those with CHC based on activation
of distinct sets of immune cells in the liver. METHODS:
We compared profiles of circulating microparticles from
patients with NAFL and NASH (n = 67) to those of CHC
(n = 42), with healthy individuals (controls) using flow
cytometry; the profiles were correlated with inflammation
grade and fibrosis stage based on histologic analyses. We
assessed the ability of the profiles to determine the sever-
ity of inflammation and fibrosis based on serologic and
histologic analyses. RESULTS: Patients with CHC had
increased levels of microparticles from CD4* and CD8* T
cells; the levels correlated with disease severity based on
histologic analysis and levels of alanine aminotransferase.
Patients with NAFL or NASH had significant increases in
numbers of microparticles from invariant natural killer T
cells and macrophages/monocytes (CD14"), which medi-
ate pathogenesis of NASH. Microparticles from CD14"
and invariant natural killer T cells correlated with levels of
alanine aminotransferase and severity of NASH (based on
histology). Levels of microparticles could differentiate be-
tween patients with NAFL or NASH and those with CHC,
or either group of patients and controls (area under the
receiver operating characteristic curves ranging from 0.56
to 0.99). CONCLUSIONS: Quantification of immune
cell microparticles from serum samples can be used to
assess the extent and characteristics of hepatic inflam-
mation in patients with chronic liver disease.

Keywords: Noninvasive Assay; Lymphocyte; Serum Assay;
Biomarker Assay.

C ell membrane-derived microparticles (MP) represent
a novel route of horizontal communication between
different cells. These MP are generated through a process
of cell membrane blebbing (ectosome shedding) during
cellular activation or early apoptosis in vitro and in vivo.!
Of note, MP resemble their cell of origin on a smaller
scale, with many parental cell characteristics, such as sur-
face receptors, integral membrane and certain cytosolic

proteins, some messenger RNAs, and even microRNAs.!
MP can transfer complete cell surface receptor signaling
pathways into the recipient cell that are specific for the
MP releasing cell, exchange genetic information, or trans-
fer antigen via major histocompatibility complex class II
molecules.? We have shown that T-cell—derived MP could
transfer CD147 (the matrix metalloproteinase inducer
EMMPRIN) to hepatic stellate cells (HSC) leading to up-
regulation of fibrolytic matrix metalloproteinases in HSC,
and that the process of MP fusion with HSC membranes
was intercellular adhesion molecule 1—dependent.? Oth-
ers have demonstrated successful rescue of CXCR4 and
CD81-deficient cells by transfer of MP carrying these
surface receptors.** Furthermore, biliary MP were shown
to contain biologically active Hedgehog ligand.¢

However, data on the presence of inflammatory cell MP
and their role in vivo are scarce. Only the role of platelet
(CD41%) derived MP was explored in some detail in vitro
and in vivo, such as an elevation of CD41* MP in synovial
fluid and blood plasma of patients with rheumatoid ar-
thritis,” human immunodeficiency virus infection,® or se-
vere malaria.’

We demonstrated that CD4* and CD8% T-cell —derived
MP are elevated in the plasma of patients with chronic
hepatitis C (CHC), a disease that is dominated by
CD8*>CD4" hepatic T-cell infiltration, and that levels of
these MP correlated with histological severity (grade and
stage).> Based on these data, we reasoned that other liver
diseases might have a disease-specific MP signature. We
therefore focused on patients with nonalcoholic fatty liver
(NAFL) and included patients with simple steatosis
(NAFLD activity score [NAS]| score <3) or NASH (NAS
score >4). To this aim, we studied an extended panel of
MP surface markers, including CD14% (monocytes/mac-
rophages, and myeloid dendritic cells), CD15* (neutro-
phils), CD41* (platelets and endothelial cells), and Va24/

Abbreviations used in this paper: ALT, alanine aminotransferase;
AUROC, areas under the receiver operating characteristics; CHC,
chronic hepatitis C; FACS, fluorescence-activated cell sorting; HSC,
hepatic stellate cells; iNKT, invariant natural Killer T; MP, microparticle;
NAFL, nonalcoholic fatty liver; NAS, NAFLD activity score; NASH, non-
alcoholic steatohepatitis.
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VB11 (invariant natural killer T [iNKT] cells). We found
that MP derived from CD14" and iNKT cells, 2 cell
populations that have been implicated as being central to
adipose tissue inflammation,!®!! were uniquely and char-
acteristically elevated in patients with NAFL and further
increased in patients with histologically severe NASH, but
not in CHC. We conclude that circulating MP might
qualify as a novel tool to quantify the underlying type and
extent of inflammation in NAFL/NASH.

Material and Methods
Human Study Cobort

The Committee for Clinical Investigations at the Beth
Israel Deaconess Medical Center approved the study, and all
patients gave their informed consent before participation. Forty-
two patients with CHC, 67 patients with histologically proven
NAFL or NASH, and 44 healthy controls were enrolled. Ten of
the CHC patients from our earlier study were included to in-
crease the power of this group.? All patients were followed up in
the Beth Israel Deaconess Medical Center Liver Center and
received physical examinations, regular blood draws, and a di-
agnostic liver biopsy as part of their standard care. Both patient
cohorts had comparable mean age (55 and 49 years, respectively;
P > .05) and sex (Table 1). Patients with a major second known
comorbidity that could affect immune cell activation, such as
human immunodeficiency virus infection, autoimmune diseases,
or another hepatitis virus infection were excluded. Patients with
CHC were characterized as HCV antibody and RNA positive for
>6 months, and patients with NAFL/NASH by standard clinical
criteria confirmed by liver biopsy with the absence of other liver
diseases.!? The criteria used for assessing the health of the each
participant are summarized in Supplementary Table 1.

Isolation of T-Cell MP From Human Serum
and Plasma

From controls, both plasma and serum were drawn at
the same time point, in order to compare results for MP isola-
tion between the 2 methods. Additionally, to assess changes in
MP profiles in short-term follow-up, healthy controls were sub-
jected to serial blood sampling 7 days apart. For plasma, blood
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was collected in citrate-containing tubes and for serum, blood
was collected in standard Vacutainers (both BD Vacutainer; BD,
Franklin Lakes, NJ, USA) and left for 1 hour at 37°C to allow to
clot, followed by centrifugation at 4000 rpm for 20 min at 4°C.
Clot palettes were carefully separated and plasma or serum
supernatants were stored at —80°C for further MP isolation. MP
were isolated by differential centrifugation between 10,000g and
100,000g as described,®* and S100-MP sedimenting at 100,000g
were characterized by fluorescence-activated cell sorter (FACS)
using staining for Annexin V, CDl1c, CD3, CD4, CD8, CD14,
CD16, CD15, CD41, CD147, Va24/VB11 (eBioscience, San Di-
ego, CA; BioLegend; Becton Dickinson, San Jose, CA). Notably,
these surface markers were not described on exosomes,!> an-
other class of membrane-coated vesicles. All antibodies were
titrated against the matching isotype control before use on
patient’s samples, as shown in detail in Supplementary Figure 1.
MP preparations were characterized on an LSR2 FACS sorter
(Becton Dickinson), and cytometric data were analyzed with
FlowJo 8.8.6 software for MAC OSX (Tree Star, Inc, Ashland,
OR). MP were gated on forward and sideward scatter. A detailed
overview of our gating strategy is shown in Supplementary
Figure 2. To avoid nonspecific antibody binding, Fc receptors on
MP and target cells were blocked with FcR Blocking Reagent
(Miltenyi Biotec, Auburn, CA). Antibody solutions were centri-
fuged before FACS to avoid artifacts due to aggregation.

Liver Histology

Liver biopsies were performed with an 18-gauge Meng-
hini needle for clinical indications and encompassed at least 8
portal tracts. Biopsy specimens were formalin-fixed, paraffin-
embedded, sectioned, and stained with H&E, Masson’s
trichome, reticulin, and periodic acid—Schiff stains. Two expe-
rienced histopathologists graded and staged the liver samples
according to Metavir (CHC and NAFL/NASH)!* and NAS score
(NAFL/NASH).'S Only specimens predating the MP isolation
from the patients’ serum by no more than 12 months were used
for comparisons.

Statistical Analysis

All data are arithmetic means with SD. Differences be-
tween independent experimental groups (NAFL/NASH, CHC,

Table 1. Summary of Demographic, Biochemical, and Histological Parameters of Patients With CHC and NAFL/NASH

CHC NAFL, total NAS score 0—3 NAS score 4—8
Patients, n? 42 67 33 34
Female, %® 31(13) 38.8(26) 36.4(12) 41.2 (14)
Male, %° 69 (29) 61.2 (41) 64.6 (21) 58.8 (20)
Age, y, mean (range) 55.1 (30—81) 48.7 (28—73) 47.9 (28—-73) 49.4 (31—-68)
ALT, IU/L, mean (range) 89.7 (16—291) 70.1(13—201) 64.3(13—201) 75.8 (36—165)
Biopsy grade, mean (range) 1.63(0—3) 48 (0—4) 26 (0—2) 22 (1-4)
Biopsy stage, mean (range) 1.61(0—4) 1.07 (0—4) 0.39(0—4) 1.76 (0—4)
NAS score, mean (range) NA 3.46 (0—8) 2.45(0—-8) 4.5(0-8)
African American, %? 4.8 3.1 6.5 0
Asian, %P 4.8 10.8 12.9 8.8
Caucasian, %" 83.2 69.2 61.2 76.5
Hispanic, %? 4.8 10.8 6.5 14.7
Others, %® 2.4 6.2 12.9 0

NOTE. NAFL/NASH patients were subdivided according to their NAS score as indicated.

NA, not applicable.
aTotal number of patients in each cohort.
bpercentage of sex distribution (absolute numbers in parentheses).
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and controls) were characterized using the Kruskal-Wallis test
with subsequent pairwise comparisons and adjustment for mul-
tiple comparisons using Dunn’s Multiple Comparison Test. Dif-
ferences between plasma and serum MP levels were analyzed
using the Mann-Whitney test. A pairwise Pearson algorithm was
used for correlation analysis of MP levels with blood cells,
alanine aminotransferase (ALT), histological grade and stage,
and the NAS score. Scatterplots of the pairwise data are pre-
sented with corresponding linear regression lines. To assess the
predictive ability of the 6 MP populations (CD4*, CD8",
CD14%, CD15*, CD41%, and iNKT) for discriminating between
individuals with CHC and NAFL/NASH, we calculated sensitiv-
ity, specificity, and areas under the receiver operating character-
istics (AUROC) curve. All calculations were done with Prism S
software (GraphPad Software, Inc, La Jolla, CA). An error level
P < .05 was considered significant.

Results

MP Isolated From Plasma and Serum Yield
Comparable Results

We previously described MP from plasma.? In or-
der to test if (stored) serum could be used for MP quan-
tification as well, we compared matched plasma-serum
pairs from a subset of patients and healthy controls.
When comparing relative levels of S100-MP (in the fol-
lowing simply termed MP) populations in serum vs
plasma, both serum CD15* (neutrophil) and CD41*
(platelet-derived) MP were reduced, the latter reported
previously by others,'® CD4" MP were slightly decreased
and CD8" MP were significantly increased, whereas
CD14* and iNKT S100-MP remained unchanged (Figure
1). At present, we cannot explain these minor to moderate
differences of certain MP populations in serum vs plasma,

GASTROENTEROLOGY Vol. 143, No. 2

but the profiling of those MP turned out not to be relevant
for the present study on patients with NAFL and NASH, or
their differentiation from CHC patients. We also found
some variation in percentages of MP in some individuals,
but overall this was not significant (Supplementary Figure
3A). Such changes can result from slight alterations of im-
mune activation in individual patients, eg, due to minor
(subclinical) infection or by physical activity.!-17-1°

Additionally, we did not observe a significant correlation
between blood cell counts and corresponding MP percent-
ages, as demonstrated for monocytes (CD14"), neutrophils
(CD15%), or platelets (CD41%) (see Supplementary Figure
3B). These results are in line with our previous findings in
patients with CHC, and support the hypothesis that it is
activated cells within affected organs (such as the liver) that
are the source of plasma membrane MP and not the majority
of nonactivated circulating blood cells.>!8

Patients With CHC and NAFL/NASH Show
Characteristic MP Profiles

Sixty-seven and 42 patients with NASH/NAFL and
CHC, respectively, were included in the study (Table 1).
MP results are summarized in Figure 2A and Supplemen-
tary Table 2, and AUROC curves are shown in Figure 2B
and Supplementary Figure 4A and B. CHC and NAFL/
NASH were associated with increased percentages of
CD4* MP compared to healthy controls (40% and 29%,
respectively). Similarly, levels of CD8" MP were signifi-
cantly higher in NAFL/NASH (56%) and in CHC (26%)
compared to healthy controls. However, CD4" and CD8*
S$100-MP did not discriminate between CHC and NAFL/
NASH, with low AUROC values of 0.71 and 0.59, respec-
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Figure 1. Comparison of S100-MP determinations from serum and plasma. FACS analysis revealed that both fresh plasma and stored serum
samples can be used reliably to determine the levels of CD4*, CD14*, and INKT MP. In agreement with previous reports, levels of platelet-derived
MP (CD41*) were significantly decreased in serum.’® n, number of serum/plasma pairs; the bold number is the difference (in percent) between the
means (not bold) of the measured MP population in serum vs plasma. Differences (percent in bold) between serum and plasma were calculated using
the following formula: (mean plasma MP — mean serum MP)/mean serum MP.
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Figure 2. Gross overview/profile of the percentages of different S100-MP populations in patients with NAFL, CHC, and in healthy controls. (A) MP
were isolated by differential centrifugation and analyzed by FACS as described in Materials and Methods. The overall P value for each MP population
for the Kruskal-Wallis test was set at P < .0001 before assessing pairwise relationships by the post-hoc Dunn’s multiple comparisons approach to
compare the 3 study cohorts (CHC, NAFL/NASH, and healthy controls). (B) AUROC curves were created using those cut-off values that yielded the
highest likelihood to differentiate between CHC, NAFL, and healthy controls (see also Supplementary Table 1). n, number of patients in each MP

analysis. Occasional missing data points are due to limitation of serum. Ten additional patients with CHC for whom only CD4* and CD8* MP were
available were included (see Table 1).
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tively (Supplementary Table 2). In contrast, the exclusive
elevation of CD14" and iNKT MP in NAFL/NASH com-
pared to CHC led to AUROC values of >0.99 and 0.97,
respectively. At cutoffs of 9.7% and 3.6%, respectively, we
observed sensitivity and specificity values >87% for dif-
ferentiation from CHC. Of, note these 2 cell populations
have recently been implicated as being central to NAFL/
NASH pathogenesis.'?° In NAFL/NASH CD15* and
CD417", MP levels were reduced significantly by 42% and
32%, respectively, compared to CHC. This reduction for
CD15" and CD41* MP percentages was also associated
with a high specificity score, >96%, but with lower sensi-
tivity scores of 78% and 18%, respectively.

Figure 3A shows an MP analysis for the extremes of
ALT values of the 2 liver disease cohorts focusing on T cell
and iNKT MP. Here, we confirmed our earlier finding that
patients with CHC and an ALT >100 IU/L (termed active)
had significantly elevated levels of circulating CD4* MP as
compared to CHC patients with ALT <40 IU/L (termed
mild) and to healthy controls. In contrast, NAFL/NASH
patients with both low and high ALT levels were charac-
terized by only a minor elevation of CD4" MP (28%)
compared to healthy controls, although this was statisti-
cally significant. CD8" MP were also increased in NAFL/

GASTROENTEROLOGY Vol. 143, No. 2

NASH, especially in the high ALT group, similar to sero-
logically active vs inactive CHC.

There was only a nonsignificant (P > .05) increase of
iNKT MP in CHC, either with low or with high ALT
values, vs healthy controls. However, in all patients with
NAFL/NASH, iNKT MP were strikingly elevated (NAFL/
NASH with high ALT [>100 IU/L]: by 124% vs normal
controls; NAFL/NASH with ALT <100 IU/L: by 114% vs
CHC with high ALT).

CD14* MP Subgroup Analysis in NASH

Recently, a link between chronic liver disease progres-
sion and CD14" CD16~ and CD147CD16% cells was re-
ported.?! In a representative cohort of NAFL/NASH patients
(ALT range, 31—109 IU/L), we found comparable percent-
ages of MP from CD14" CD16" (classical), CD14*CD16"
(nonclassical, proinflammatory) monocytes, and CD14"CD1c*
myeloid dendritic cells (Figure 3B).

Correlation Between ALT and MP in Patients
With NAFL/NASH and CHC

Correlations are shown in Figure 4. As expected,
CD4* and CD8* MP correlated slightly better with ALT
levels in patients with CHC (Figure 4A) as compared to
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Figure 3. MP levels in relation to normal and high ALT values and biopsy stage, and analysis CD14* MP subsets. (A) MP levels in CHC or
NAFL/NASH patients with normal ALT values (<40 IU/mL, numbers as indicated) or high ALT values (>100 IU/mL, numbers as indicated) as a
surrogate of hepatic inflammation, and in comparison to S100-MP populations from healthy controls. The overall P value for each MP population for
the Kruskal-Wallis test was set at P < .0001 before assessing pairwise relationships by the post-hoc Dunn’s multiple comparisons approach to
compare the 3 study cohorts (CHC, NAFL/NASH, and healthy controls). (B) Analysis of CD14* S100-MP subpopulations in a representative cohort
of NAFL/NASH patients. CD14* CD16~: “classically activated” monocytes; CD14+*CD16": “nonclassically activated, inflammatory” monocytes,
CD147CD1c™: myeloid DCs. (C) In CHC CD4* and CD8*, MP correlated well with fibrosis stage as we described previously in a smaller cohort® (r =
0.63; P <.0001; r = 0.59; P = .0002, respectively). However, CD4*, CD8*, CD14*, and INKT MP levels did not correlate with stage in NAFL/NASH

(data not shown). Variations in numbers are due to limitation of serum.
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Figure 4. Correlations of circulating S100-MP with ALT. Correlations of CD4+, CD8*, CD14*, and iINKT S100-MP with patients’ ALT values from
blood samples used simultaneously for S100-MP isolation and ALT determination. (A) CHC, (B) NAFL/NASH. Correlations were calculated using the
Pearson algorithm, with r values and P values shown in the lower right corner of each graph. Variations in numbers are due to limitation of serum.

NAFL/NASH (Figure 4B). However, the good correlations
for all MP subpopulations with ALT in NAFL/NASH were
lost when patients with ALT >80 IU/mL were included
(data not shown) and improved with ALT <80 IU/L. The
best correlations were found between ALT levels of pa-
tients with NAFL/NASH and their circulating CD14* and
iNKT MP (r = 0.63; P < .0001; » = 0.59; P = .0001).
Interestingly, for CD8%, CD157, and CD41* MP, no clin-
ically relevant correlations were found (r < 0.5), although

the correlations for CD8" and CD15" MP were statisti-
cally significant. Subanalysis ruled out a sex effect for all
correlations (data not shown).

Circulating MP as Predictors of Histological
Grade in CHC and NAFL/NASH

We confirmed our earlier findings of a good cor-
relation between circulating CD4* and CD8* MP and
histological inflammation grade in CHC.?> In addition,
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Figure 5. Correlations of circulating S100-MP with histological grade. S100-MP populations were isolated from the serum of CHC (A) or NAFL/
NASH patients (B) with paired biopsies. Grading was done as detailed in Material and Methods. Correlations were calculated using Pearson’s
algorithm. Variations in numbers are due to limitation of serum.

iNKT MP correlated even better with histological grade in  lations, even when statistically significant, turned out to
patients with CHC than CD4" and CD8" MP (r = 0.76; be clinically irrelevant (r < 0.5).

P < .0001, Figure 5A). Although CD14*, CD15%, and

CD41* MP did statistically correlate with grade in CHC, Cor_"el“tion' Between Biopsy Stage and MP in
this was considered clinically irrelevant (r < 0.5). In Patients With NAFL/NASH and CHC
NAFL/NASH, iNKT MP correlated well with histological In CHC, CD4* and CD8" MP correlated well with
grade (r = 0.58; P < .0001), and this correlation must be fibrosis stage, as described by us earlier in a smaller co-
considered as clinically relevant (Figure 5B). Other corre- hort® (r = 0.63; P < .0001; » = 0.59; P = .0002, respec-
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tively, Figure 3C). However, CD4*, CD8*, CD14", and
iNKT MP levels did not correlate well with stage in NAFL/
NASH (data not shown). In addition, no correlations for
either CHC or NAFL/NASH were found with circulating
CD15* and CD41* MP (data not shown).

Circulating MP as Predictors of the
Histological Severity in NAFL/NASH

MP were correlated with the NAFLD activity score
(NAS), currently considered the gold standard for the
assessment of the severity of inflammation and apoptosis
in NAFL/NASH (Figure 6A). Although statistically signif-
icant, CD4"* and CD8" MP correlated only weakly (there-
fore lacking clinical relevance) with the NAS score (r =
0.42; P = .0004; » = 0.38; P = .0016, respectively), as did
iNKT MP (r = 0.47; P = .0006). As previously noted,
CD14* MP, derived from cells that play a particular role
in NASH pathogenesis correlated best with the NAS score
(r = 0.60; P < .0001).

A
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Notably, CD14" MP correlated strongly with iNKT MP
in all patients with NAFL/NASH (r = 0.7; P < .0001)
(Figure 6B), far exceeding correlations between all other
combinations, and supporting the hypothesis that these 2
MP populations are not only uniquely released in NAFL,
but also linked in pathogenesis.

Discussion

Cell-derived MP are recently discovered vehicles of
intercellular communication and emerging tools to quan-
titate cell-specific pathological processes. Several publica-
tions describe MP shedding in inflammatory conditions,
such as malaria (platelet-, red blood cell—, and monocyte-
derived MP),° heart failure (endothelium-derived MP),??
arthritis,” human immunodeficiency virus infection,® end-
stage renal failure,?® in coagulation disorders (platelet-
derived MP),?>* and even after moderate exercise.’® We
recently showed that T-cell S100-MP, which are found at
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CD14*, CD15", CD41*, and iINKT (Va24/VB11 double-positive) S100-MP with the NAS score using the Pearson algorithm. (B) The strongest
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increased levels in the plasma of patients with CHC, can
fuse with HSC plasma membranes via intercellular adhe-
sion molecule 1 and consequently up-regulate HSC fibro-
lytic gene expression by transfer of CD147, suggesting a
possible functional role of inflammatory cell MP in
chronic liver diseases.?

The aim of this study was to explore if 2 prevalent but
mechanistically different chronic liver diseases, CHC and
NAFL/NASH, can be distinguished by their S100-MP pro-
files, if these profiles are biologically plausible, and if they
could serve as novel plasma or serum biomarkers of dis-
ease activity.

Typically, hepatic fibrosis progression and acute hepa-
titis require activation of various immunological compe-
tent cells, such as T cells, NKT cells, dendritic cells, and
macrophages (Kupffer cells).? Because activation or early
apoptosis of cells can result in shedding of MP, levels of
certain MP originating from different cell types can be
measured by FACS in healthy subjects and in patients
with different diseases.!:3:18

By analyzing serum MP for 6 cell surface markers
representing major immune cell populations that are
involved in hepatic inflammation and fibrogenesis
(CD4%/8% T cells, CD14" monocytes/macrophages/
dendritic cells, CD15* neutrophils, CD41* platelets,
and Va24/VB11-positive iNKT cells>7218), we could
identify S100-MP profiles that are highly characteristic for
either NAFL/NASH or CHC. CHC was dominated by
CD8* and CD4" MP, and NAFL/NASH patients showed
a unique elevation of CD14* and iNKT MP and a decrease
in CD15" and CD41" MP, irrespective of ALT levels or
histological markers of disease activity. The S100-MP pat-
terns allowed an almost complete separation of patients
with CHC or NASH and healthy controls.

These findings are not only in excellent agreement with
the pathophysiology of both diseases, but also reveal
novel insights into disease pathogenesis, as also published
in recent studies. First, the homing of circulating immune
cells to the liver and their turnover increases during he-
patic inflammation, likely increasing circulating MP re-
leased during their activation or apoptosis.! Second,
CD8*>CD4" T cell,?® as well as NKT cell populations?”
including iNKT cells,?® are major immune effectors in
CHC, although histological inflammation of the liver ap-
pears to be better reflected by iNKT MP than by blood
iNKT cells.?”2¢ Third, iNKT cells have been implicated as
major drivers of inflammation and fibrosis progression in
NASH.29-2% Fourth, CD14" macrophages>monocytes ap-
pear to play a prominent role in peripheral adipose tissue
inflammation, the associated metabolic syndrome,3->!
and hepatic necroinflammation in NASH.3? In the latter
context, inflaimmatory CD14* CD16* monocytes are
linked to disease progression and fibrogenic activation of
HSCs,?! as has been shown for a variety of inflammatory
diseases, including rheumatoid arthritis, diabetes, athero-
sclerosis, and bacterial infections.>* Our CD14* S100-MP
subgroup analysis revealed that CD14" S100-MP in
NAFL/NASH originated in equal proportions from
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CD16~ (classical monocytes or macrophages), CD1c*
(myeloid dendritic cells), and CDI16* (inflammatory
monocytes or macrophages). Because the latter cell pop-
ulation is lower in normal subjects (7.5%), the relative
quantity of elevated count of CD14*CD16* S100-MP in
patients with NAFL/NASH indicates activation of inflam-
matory monocytes/macrophages.?! In addition, there was
an excellent correlation between CD14" and iNKT MP in
patients with NAFL/NASH, which underscores a func-
tional link between activation of these immune cells in
patients with fatty liver and NASH.

Although inflammatory cell S100-MP correlated with
ALT levels and histological staging/grading, these corre-
lations were limited. This is expected, because ALT is a
suboptimal surrogate of hepatic inflammation, apoptosis,
or necrosis,> and biopsy is a tarnished gold standard due
to high sampling variability.35-37 In CHC, the disease with
the lowest expected sampling variability (~25% and 33%
for 1 Metavir grade and stage difference, respectively®?),
there was a good correlation of CD4" or CD8* MP with
ALT and biopsy grade and stage. In NAFL/NASH, which
incurs a higher biopsy sampling variability (~40% for 1
Metavir grade or stage’®), CD14* and iNKT MP only
correlated well with ALT up to 80 IU/L, but poorly with
fibrosis stage. The histological NAS score, considered the
gold standard for the diagnosis of NASH, showed only a
modest correlation with CD14" and iNKT MP. Although
a positive NAS score >4 renders the best evidence for
NASH, a borderline or negative score does not exclude its
presence because this score, which consists of 3 subscores
for hepatic steatosis, lobular inflammation, and balloon-
ing, is affected by significant sampling variability, espe-
cially for detection of hepatocellular ballooning,** which
is missed in at least 50% of biopsies.>® Additionally, due to
its multicomponent character, the NAS score is influ-
enced by the skill and experience of the reading patholo-
gist, more than other histological scores, and is prone to
intra- and inter-observer variability.'>° In contrast, a
quantitative diagnostic test that can measure overall ac-
tivation of a certain immune cell subset, such as circulat-
ing MP, might circumvent biopsy sampling and observer
variabilities. In addition, it might rather reflect current
disease activity compared with a more static picture as
reflected by biopsy assessment, permitting, for example,
the “real-time” monitoring of disease-specific anti-inflam-
matory therapies. However, at present we cannot present
evidence that S100-MP quantification is superior to state
of the art diagnostics for NAFL/NASH, which will require
future large prospective and follow up studies. It will be
particularly interesting to follow up MP profiles in pa-
tients with NASH who undergo treatment with, for ex-
ample, insulin sensitizers or antioxidants, or who begin to
favorably change their lifestyle.*1-43

In conclusion, by analyzing circulating S100-MP, a sys-
temic profile of immune cell subsets that are prominently
involved in CHC or NAFL/NASH can be obtained. MP
profiling corroborates the in vivo significance of patho-
physiological hypotheses on immune-mediated liver dis-
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eases; as shown here for CHC and NAFL/NASH, S100-MP
appear to represent a novel diagnostic tool to assess over-
all disease severity and especially activity, with the advan-
tage of being specific, noninvasive, and quantitative.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at http://
dx.doi.org/10.1053/j.gastro.2012.04.031.
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ABSTRACT

Up to date, novel tools for low-cost, minimal invasive cancer surveillance, cancer
screening and treatment monitoring are in urgent need. Physicians consider the so-
called liquid biopsy as a possible future tool successfully achieving these ultimate
goals. Here, we aimed to identify circulating tumour-associated MPs (taMPs) that
could aid in diagnosing minimal-invasively the presence and follow up treatment in
non-small cell lung carcinoma (NSCLC), colorectal carcinoma (CRC) and pancreas
carcinoma (PaCa). Tumour-associated MPs (taMPs) were quantified after isolation
by centrifugation followed by flow cytometry analysis from the serum of cancer
patients with CRC (n = 52), NSCLC (n = 40) and PaCa (n = 11). Healthy subjects
(n = 55) or patients with struma nodosa (thyroid nodules) (n = 43) served as negative
controls. In all three types of tumour entities, the presence of tumour was associated
with an increase of circulating EpCAM* and EpCAM+*CD147* taMPs. The presence of
CD147+EpCAM™* taMPs were specific to tumour-bearing patients thus allowing the
specific distinction of malignancies from patients with thyroid nodules. Increased
level of EpCAM single positive MPs were, in turn, also detected in patients with
thyroid nodules. Importantly, EpCAM+*CD147* taMPs correlated with the measured
tumour-volume in CRC patients. EpCAM* taMPs decreased at 7 days after curative
RO tumour resection suggesting a close dependence with tumour presence. AUROC
values (up to 0.85 and 0.90), sensitivity/specificity scores, and positive/negative
predictive values indicated a high diagnostic accuracy of EpCAM*CD147* taMPs.
Taken together, EpCAM+*CD147+ double positive taMPs could potentially serve as
novel promising clinical parameter for cancer screening, diagnosis, surveillance and
therapy monitoring.

INTRODUCTION a horizontal crosstalk between different cells and cell types,
especially in the setting of inflammatory conditions [1-6].

Large cell membrane derived extracellular vesicles In brief, MPs are extruded cell membrane coated vesicles
(EVs), known as microparticles (MPs), microvesicles (MVs) with diameters between ~100-1000 nm that are formed
or ectosomes, have recently emerged as novel vehicles for and shedded during cellular activation or in early stages of
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apoptosis and that are released into the extracellular space.
MPs can be isolated from human fluids such as whole blood,
plasma, serum or e.g. synovial fluid [1-6]. They carry the
surface signature of their cell of origin and the quantification
of MP subsets using FACS sorting permits a non-invasive
assessment of cell specific pathologies, especially in
inflammation [7-10]. MPs have to be differentiated
and separated from exosomes, which are derived from
intracellular vesicles and do not carry cell surface markers
of their origin, and from the larger fragments of apoptotic
bodies [2, 3]. So far, only a few and technically limited
studies have been performed on putative cancer-derived
MPs or microvesicles identified by single surface marker
[11-13]. Therefore, we explored the diagnostic potential
of tumour-associated MPs (taMPs) and MP subtypes in
thoroughly characterised patients with various underlying
cancer entities such as colorectal carcinoma, non-small cell
lung carcinoma and pancreas carcinoma.

RESULTS

Patients with CRC, other neoplasia or thyroid
nodules (struma nodosa) show characteristic MP
profiles

Based on literature research various cancer markers
were considered for the detection of taMPs expressing
common cancer antigens as EpCAM and CDI147.
Corresponding cancer lines were screened for the chosen
surface antigens (data not shown). Indeed, EpCAM and
CD147 were identified on the surface of cancer cell lines of
colorectal (CRC), lung (NSCLC) and pancreas (PaCa) (data
not shown). MPs were isolated by differential centrifugation
of sera of total 103 confirmed cancer patients. Median
EpCAM" taMPs values were significantly elevated (one-
way ANOVA) in patients with CRC (n = 52), NSCLC
(n=40), PaCa (n=11) by an average of 2.3 fold irrespective
of the tumour entity and size (Figure 1A and Table 1).
Surprisingly, EpCAM" taMPs were also found elevated in
thyroid nodules patients (short: struma, n = 40) as compared
to healthy controls by 1.9 fold (p < 0.05). Nevertheless, the
antigen combination of EpCAM and CD147, successfully
detected in vivo derived CD147'EpCAM" taMPs and
their median values significantly increased in cancer
patients by an average of 4.8 fold (Figure 1B and Table 1)
across all investigated tumour entities. Additionally,
the CD147'EpCAM" taMPs were significantly reduced
compared to the elevated cancer taMPs values (Figure 1B).
However, in vivo, putative carcinoma derived single positive
taMPs (CD147'EpCAM") levels were not significantly
distributed in our study (Figure 1C).

Diagnostic performance (AUROC)

For all investigated MP types, accompanied cut-off
values were calculated based on their associated AUROC

values (Table 1). The diagnostic performance of all
three investigated taMPs populations (EpCAM* taMPs,
EpCAM*CD147" taMPs and CD147" taMPs) were assessed
by their corresponding receiver operating characteristic
(ROC) curves. The ROC curve is a plot of sensitivity
versus 1- specificity for all possible cutoff values (Figure
1A-1C). Index of accuracy is the area under the ROC
curve (AUROC). AUROC values reaching 1.0 indicating
a high diagnostic accuracy. AUROC curves are given in
Figure 1A-1C. EpCAM*CD147" taMPs AUROC values
were in general superior than the calculated AUROC value
of EpCAM* taMPs in this study (Table 1). CD147*taMPs
showed only a poor diagnostic relevance (AUROC data not
shown).

Positive (PPV) and negative predictive values
(NPV) across cancer entities

Based on the overall cut-off value of 23.91 EpCAM"*
taMPs/10°MPs, 99 out of 103 investigated cancer patients
disregarding their cancer entity were correctly as tumour
bearer identified and 90 out of 95 were identified as cancers
by a cut-off value of 1.605 EpCAM*CD147" taMPs/10°MPs.
The overall positive (PPV) and negative predictive values
(NPV) across the investigated cancer entities (NSCLC,
CRC and PaCa) for EpCAM" taMP were: 79.03% (PPV)
and 85.29% (NPV), respectively, with an overall sensitivity
0f 95.15% and specificity of 52.73%. Individual sensitivities
and specificities are depicted in Table 1. EpCAM'CD147*
taMPs were associated with a slightly higher overall positive
predictive values for the investigated tumour entities:
80.36% (PPV) and 83.87% (NPV), respectively, with an
overall sensitivity of 94.74% and specificity of 54.17%.

Correlations between taMPs and CRC tumour
load

While taMPs could aid in of the detection of the
investigated tumour entities, the questions remained if
taMPs, EpCAM" taMPs and especially EpCAM"CD147*
taMPs could reflect tumour burden. However, in NSCLC
we did not observe any correlation better than r = 0.5
between tumour volume and measured taMPs (Figure
2A-2B). In CRC, EpCAM" taMPs were not indicating a
sufficient correlation (r = 0.4972, Figure 2C-2D). But, as
expected double positive taMPs, EpCAM CD147* taMPs,
were correlating with CRC tumour volume significantly
(r=0.7288, p <0.0001, n = 43) (Figure 2E). If CRC tumour
volumes were broken up in meaningful tumour volume
groups spanning from 0 (healthy controls), over 1-10 cm?,
10-50 cm?®, 50-100 cm? and above 100 cm? CRC tumour
volume, ANOVA analysis revealed that 10 cm® of CRC
volume might be the lower detection limit (Figure 2F).
While a significant correlation between EpCAM™CD147*
taMPs and CRC tumour volume was observed, a good
correlation exceeding r = 0.5 between EpCAM™CD147*
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taMPs and EpCAM" taMPs with the commonly used
UICC scores for CRC were not reached (Figure 3A—3B).
Leading to the further question whether was the shedding
of taMPs from parental CRC tumour cells in fact dependent
on the metastatic phenotype? Our data clearly indicated,
that such dependence on the metastatic CRC phenotype

n=55 n=50 n=40 n=52 n=11 n=40

wasn’t given, there were no observed differences measured
between EpCAM* or EpCAM'CD147" taMPs isolated
from metastatic CRC patients samples or non metastatic
CRC samples (Figure 3C-3D). Matched sera CEA and
CA 19-9 sera parameters in those CRC samples from
patients suffering metastatic or non-metastatic CRC showed
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Figure 1: Detection of EpCAM* and EpCAM*™CD147* and CD147*EpCAM ™~ tumour-associated microparticles (taMPs)
in sera of indicated cancer patients. (A—C) MPs were isolated by differential centrifugation and analysed by FACS as described in
Supplementary. Materials and Methods. The indicated p-value for each MP population as predictor of controls vs. cancer and control vs.
struma nodosa (thyroid nodules; short: struma) was calculated by using one-way ANOVA test including multiple comparisons using Dunn’s
post test. Shown are medians with 25 and 95 percentile. Additionally, accompanied areas under the receiver operating characteristics
(AUROC) curves and values including accompanied p-values are shown as indicated; * = p < 0.05, ** = p < 0.005, *** = p < 0.0005,
n.s. = not significant. Overall, an error level p < 0.05 was considered significant. Calculations were done with Prism 5 (GraphPad Software,

Inc., USA).
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Table 1: Summary of predicted cut-off values, medians and other AUROC curve associated values
of the indicated cancer entities

Cancer

Cut-Off

Median

Sensitivity

Specificity

entity  taMPs/10°MPs taMPs/10°MPs [%] (%] AUROC SD p-Value
NSCLC 23.72% 5228 97.50 50.91 0.8491 0.0388 | <0.0001
CRC 23.91% 5821 94.23 52.73 0.8465 0.0373 | <0.0001
PaCa 23.72% 53.95 90.91 50.91 0.8281 0.0637 0.0007
Control 23.56
Ce?lltllct;r taM%zjlgflfaPs taMl\I/’I:/(il(;IllV[Ps Sen[Sol/tl]v lty Sm[c‘;,ﬁ]CIty AUROC SD p-Value
NSCLC 1.611* 6.72 91.67 55.32 0.8700 0.0392 | <0.0001
CRC 1.605" 5.93 95.92 55.32 0.8597 0.03771 | <0.0001
PaCa 16117 8.472 100.0 55.32 0.900 0.0479 0.0005
Control 1.48

NOTE: Calculations were done with Prism 5 (GraphPad Software, Inc., USA) based on the measured individual taMP data
of the indicated taMP populations. Overall, an error level p < 0.05 was considered significant.

*for EpCAM™ taMPs/1k MPs.
“for EpCAM"CD147* taMPs/1k MPs.

no significant differences (p > 0.05) (Figure 3E-3F).
Additionally no significant correlations between CRC
tumour volumes and matched CEA (r = 0.2422, p = 0.06) or
CA 19-9 (r=0.059, p =0.3601) sera values were observed.

taMPs levels decrease after surgical CRC R0
resection

Furthermore, EpCAM" taMPs values were evaluated
in serum of CRC patients at pre- and post-surgery stages
(pre-OP, usually the day before the planed RO CRC
resection, n = 14; d7, post-operative day 7, n = 14; d10,
post-operative day 10, n = 3). In total, 11 out of 14 resected
CRC patients with longitudinal blood collections showed a
significant decrease from pre-OP 61 EpCAM* taMPs per 10°
AnnexinV*MPs to 51 EpCAM" taMPs per 10° AnnexinV*
MPs (Figure 4A—4B). On the contrary, EpCAM'CD147*
taMP and CD147'"EpCAM™ MPs were at day 7 post-OP in
median not differing compared to respective pre-OP values
(p > 0.05) (Figure 4C—4D).

DISCUSSION

A recent study demonstrated that analysis of blood
exosomes, another kind of small sized extracellular vesicles
of 30-100 nm size that do not entirely share the same
surface markers with MPs, might help to diagnose non
invasively patients with pancreatic ductal adenocarcinoma
(PADC) [14]. Based on the well founded hypothesis that
cell specific MPs (200—1000 nm in size) are released into
the circulation as a result of activation and/or apoptosis of
their parent cell type [7], we searched for EpCAM’, CD147*

or EpCAM'CD147" double positive taMPs that could
indicate cancer presence.

Depending on the overall cut-off value 99 out of
103 investigated cancer patients disregarding their cancer
entity were correctly as tumour bearer identified and 90
out of 95 were identified as cancers by EpCAM*CD147*
taMPs. Additionally, the calculated overall positive
(PPV) and negative predictive values (NPV) across the
investigated cancer entities (NSCLC, CRC and PaCa)
for EpCAM*CD147" taMPs distinguishing CRC and
other neoplasia from healthy controls and from thyroid
nodules (struma nodosa). These results suggest that
tumours can be reliably detected with taMP profiling
including EpCAM* taMPs and EpCAM*CD147" taMPs
independently of the underlying cancer entity. However,
certain disease/health circumstances associated with
epithelial damage such as struma nodosa (thyroid
nodules) does not permit to draw conclusions only on
EpCAM taMPs. Thus, such disorders causing epithelial
damage should be regarded as exclusion criteria in MP-
based studies.

Next, we investigated whether both taMP populations,
would reflect the tumour volume. For NSCLC only poor
correlations (r < 0.5) were observed between the investigated
taMPs populations and the tumour volume (Figure 2A-2B).
EpCAM'" taMPs could not indicate tumour volume in CRC
(Figure 2C). However, EpCAM*CD147taMPs were greatly
mirroring tumour volume with a significant dependence
(r = 0.73; Figure 2E). Furthermore the detailed analysis
revealed that in CRC the tumour volume of less than
10 cm?, (~2 cm in diameter) might be the lowest taMP
detection limit (Figure 2F).
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EpCAM is currently used as pan-cancer marker and
their expression is also associated with stem cells [15, 16].
Additionally, EpCAM is a prominent cell surface antigen
for detection of circulating tumour cells (CTCs) and part of
the commercially available CellSearch™ system (Veridex
LLC, Raritan, NJ, USA). Of note, the US Food and Drug
Administration (FDA) approve this test only for the detection
of certain metastatic cancers [17—19] whereas in our novel
approach we cannot observe such limitation for either of the
investigated taMPs subpopulations (Figure 3C—3D).
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Next we explored whether total tumour RO resection
could alter taMPs. Based on the previously published results
[14], we expected that taMPs should decrease after tumour
removal. Indeed, we documented a significant decrease
of the median values at day 7 post-OP from pre-OP 61
EpCAM" taMPs per 10°* AnnexinV*MPs to 51 EpCAM*
taMPs per 10° AnnexinV* MPs (Figure 4A—4B). While
EpCAM* taMPs did not decrease totally towards the healthy
control levels. We assumed that the clearance of EpCAM*
taMPs might need longer time period as in the case of the
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Figure 2: taMPs predict tumour volumes. Measured EpCAM' taMP and EpCAM'CD147* taMP values were set in dependence
(Spearman algorithm) to associate patient tumour volumes of indicated cancer entities; (A—B): NSCLC; (C-F): CRC. Correlations were
restricted to 100 cm? of tumour volume. (D/F) Detail analysis of indicated tumour ranges revealing the possible lower and upper detection
limit. Shown are indicated median with 25 and 95 percentile including p-value as indicated; * = p < 0.05, ** = p <0.005, *** = p < 0.0005,
n.s. = not significant (one-way ANOVA test including multiple comparisons using Dunn’s Multiple Comparison Test). Overall, an error
level p < 0.05 was considered significant. Calculations were done with Prism 5 (GraphPad Software, Inc., USA).
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clearance of Glypican-1 positive exosomes [14]. On the
contrary, EpCAM*CD147* taMP and CD147'"EpCAM- MPs
were at day 7 post-OP in median not differing compared
to respective pre-OP values (Figure 4C—4D). We speculate
that CD147'EpCAM~ MPs were shed from fibroblast,
T-cells, stroma cells, epithelial cells during tumour resection
indicating tissue remodelling, migration and cancer cell
invasion in which EMMPRIN/CD147 might play role as
suggested by others [7, 20, 21].
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Taken together, in vivo cancer cells shed distinct
taMP populations with a unique pan-cancer MPs-based
signature. Even if each tumour is composed of a mixture
of heterogeneous tumour cells, the released EpCAM" and
EpCAM'CD147" taMPs can be reliable detected in the
circulation in both primary and metastatic tumour-bearing
patients (Figure 4E). EpCAM" and EpCAM'CD147" taMPs
might serve as an early indicator of cancer growth and
monitor successful anti-tumour therapy and might be used as
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Figure 3: Discrimination between metastatic and non-metastatic phenotype in CRC. (A-B) Measured EpCAM' taMP and
EpCAM'CD147" taMP values were set in dependence (Spearman algorithm) to associate patient UICC values. (C-D) Direct comparison
of indicated taMPs population in metastatic CRC (mCRC) vs. non-metastatic CRC and healthy controls. (E/F) Direct comparison of
measured CEA and CA 19-9 values in ng/mL in metastatic CRC (mCRC) vs. non-metastatic CRC. Shown are indicated median with 25
and 95 percentile including p-value as indicated; * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, n.s. = not significant (one-way ANOVA
test including multiple comparisons using Dunn’s Multiple Comparison Test (C/D) or unpaired Mann-Whitney test (E/F)).
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important liquid biopsy tool to differentiate between therapy
responders and therapy non-responders. Importantly, our
data clearly indicate that it is far more beneficial to explore
specific individual taMP subpopulations using multiple
surface marker combination in order to distinguish cancer
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from non-cancer patients. Our results demonstrate that the
analysis of taMP can help to identify patients with cancer
from healthy individuals but also to pinpoint the presence
of specific MP subtype in epithelial damage and subtype
exclusively associated with tumour.
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Figure 4: Detection of EpCAM* and EpCAM*CD147" and CD147*EpCAM" tumour associated microparticles (taMPs)
in CRC sera patient samples. (A) EpCAM' taMPs levels 7 days post CRC tumour resection and at day 10 post-OP. (B) Paired display
of accompanied post-OP and post-OP values of indicated taMP populations. (C) EpCAM*CD147* taMPs levels 7 days post CRC tumour
resection and at day 10 post-OP. (D) CD147'EpCAM™ taMPs levels 7 days post CRC tumour resection and at day 10 post-OP. Shown
are indicated median with 25 and 95 percentile including p-value as indicated; * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, n.s. =
not significant (paired #-test with Wilcoxon matched pairs signed rank-test). Overall, an error level p < 0.05 was considered significant.
(E) Sketch illustrating the heterogeneous tumour composition and tumour antigens used in the current study. Tumour cells shed multiple
MP subpopulations carrying a distinguishing set of surface markers. These shedded taMPs can be detected in the sera of cancer patients.
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MATERIALS AND METHODS

Human study cohort

The Ethics Commission of the State Chamber of
Medicine in Rhineland-Palatinate approved the current study
(approval number: 837.151.13 (8836-F)) and all patients gave
their informed consent prior to participation. Patients with a
major second or third known comorbidity that could affect
immune cell activation such as acute inflammation, chronic
inflammation, autoimmune diseases or viral infections,
were excluded. Additionally, patients who underwent
chemotherapy or were receiving chemotherapy or were
subjected to any other anti-tumoural therapy during the time
blood samples were taken were excluded, too. Characteristics
of patients are summarized in Supplementary Table 1.

Isolation of cell derived microparticles from
human serum

Blood was collected in standard S-Monovette® 7.5
ml, Serum Gel with Clotting Activator (Sarstedt AG &
Co., Niimbrecht, Germany) and left for 30 minutes at 37°C
to allow for clot formation followed by centrifugation at
4000 rpm for 20 min at 4°C. Clots were carefully separated
and supernatants stored at —80°C for further MP isolation.
MPs from serum samples were isolated by differential
centrifugation between 2,000 and 20,000 g as described by
us and others [4, 5, 7]. MPs sedimenting at 20,000 g were
characterized by FACS using staining for AnnexinV, CD147,
EpCAM (eBioscience™, San Diego, CA; BiolLegend,
Miltenyi Biotec, Bergisch Gladbach, Germany, respectively).
All antibodies were titrated against the matching isotype
control on patient’s samples prior to use. MP preparations
were characterized on a MACSquant 10 Analyser (Miltenyi
Biotec, Bergisch Gladbach, Germany) and cytometric data
was analysed with FlowJo X software for MAC OSX (Tree
Star, Inc., Ashland, Oregon). To avoid non-specific antibody
binding, Fc receptors on MPs and target cells were blocked
with FcR Blocking Reagent (eBioscience™, San Diego, CA,
USA). Additionally, MPs were dialyzed overnight against
AnnexinV binding buffer containing 0.05% BSA (Miltenyi
Biotec, Bergisch Gladbach, Germany). Used antibodies and
BSA blocking solution were centrifuged prior to FACS to
avoid artefacts due to aggregation. No differences regarding
the total amount of MPs isolated were observed between
healthy and cancer samples (Supplementary Figure 2).

Statistical analysis

All data are medians with their percentile. Differences
between independent experimental groups (NSCLC, CRC
and controls) were characterized using the one-way ANOVA
test. As a post-hoc test, a Dunn’s test was applied for multiple
comparisons of subgroups when the one-way ANOVA test
was positive and succeeded Bartlett’s test for equal variance.
A two-tailed Wilcoxon matched pairs signed rank-test was

applied to assay differences between patients who underwent
a total RO tumour resection between pre-operative and
postoperative sera samples. To assess the predictive ability of
the two taMP populations (EpCAM" and EpCAM'CD147*
taMPs) and for discriminating between individuals with
cancer, struma nodosa (thyroid nodules) and controls, we
calculated sensitivity, specificity, PPV and NPV and AUROC
values. These calculations were done with Prism 5 (GraphPad
Software, Inc., USA). Overall, p < 0.05 was considered
significant. The overall power (1-f err prob) of the study was
calculated post-hoc with GPower (Version 3.1.9.2) assuming
a minimum effect size of f= 0.5 with an a err prob = 0,05 for
5 groups, indicating that the minimum total sample size of 80
is needed to reach a power of 0.95 (1- err prob).

Abbreviations

AUROC: Area under the Receiver Operating
Characteristic; CTC: circulating tumour cell; CRC: colorectal
carcinoma; EpCAM: epithelial cell adhesion molecule; MP:
microparticle; NPV: negative predictive value; PPV: positive
predictive value.
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Background & Aims: Large extracellular vesicles, specifically
AnnexinV® EpCAM" CD147* tumour-associated microparticles
(taMPs), facilitate the detection of colorectal carcinoma (CRC),
non-small cell lung carcinoma (NSCLC) as well as pancreas carci-
noma (PaCa). Here we assess the diagnostic value of taMPs for
detection and monitoring of hepatocellular carcinoma (HCC)
and cholangiocarcinoma (CCA). Specifically, the aim of this study
was to differentiate liver taMPs from other cancer taMPs, such as
CRC and NSCLC.

Methods: Fluorescence-activated cell scanning (FACS) was
applied to detect various taMP populations in patients’ sera that
were associated with the presence of a tumour (AnnexinV*
EpCAM" CD147" taMPs) or could discriminate between cirrhosis
(due to HCV or HBV) and liver cancers (AnnexinV" EpCAM*
ASGPR1" taMPs). In total 172 patients with liver cancer (HCC or
CCA), 54 with cirrhosis and no liver neoplasia, and 202 control
subjects were enrolled.

Results: The results indicate that AnnexinV® EpCAM® CD147*
taMPs were elevated in HCC and CCA. Furthermore, AnnexinV*

Keywords: ASGPR1; Biomarker; Cancer; CCA; CD147; CD326; EMMPRIN; EpCAM;
Extracellular vesicles; HCC; Microparticles; Microvesicles.
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EpCAM" ASGPR1* CD133" taMPs allowed the distinction of liver
malignancies (HCC or CCA) and cirrhosis from tumour-free indi-
viduals and, more importantly, from patients carrying other
non-liver cancers. In addition, AnnexinV* EpCAM* ASGPR1"
taMPs were increased in liver cancer-bearing patients compared
to patients with cirrhosis that lacked any detectable liver malig-
nancy. The smallest sizes of successfully detected cancers were
ranging between 11-15 mm. AnnexinV*" EpCAM* ASGPR1" taMPs
decreased at 7 days after curative RO tumour resection suggesting
close correlations with tumour presence. ROC values, sensitivity/
specificity scores and positive/negative predictive values (>78%)
indicated a potent diagnostic accuracy of AnnexinV* EpCAM*
ASGPR1* taMPs.

Conclusion: These data provide strong evidence that AnnexinV*
EpCAM" ASGPR1" taMPs are a novel biomarker of HCC and CCA
liquid biopsy that permit a non-invasive assessment of the
presence and possible extent of these cancers in patients with
advanced liver diseases.

Lay summary: Microparticles (MPs) are small vesicles that bleb
from the membrane of every cell, including cancer cells, and
are released to circulate in the bloodstream. Since their surface
composition is similar to the surface of their underlying paren-
tal cell, MPs from the bloodstream can be isolated and by
screening their surface components, the presence of their par-
ental cells can be identified. This way, it was possible to detect
and discriminate between patients bearing liver cancer and
chronic liver cirrhosis.

© 2017 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.
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Introduction

A decade ago extracellular vesicles (EVs) raised little attention in
the scientific communities around the globe. Nowadays, EV
research has become intense and acquired more attention,
including within the liver research community."? Over the years,
researchers explored the likely role of EVs, including small EVs as
exosomes (50-100nm in diameter)® and large EVs, e.g.
microvesicles/microparticles (MVs/MPs; 100-1000 nm in diame-
ter).? Rarely, MVs/MPs were referred to as ‘ectosomes’.” However,
the underlying biogenesis of exosomes and MVs/MPs is different
and unique.® It was reported that EVs play a role in the horizontal
communication between cells.” In fact, it was also shown that
tumours prepare their own tumour niches via the release of
EVs? including a possible suppression of the immune system
and the activation of tumour neo-angiogenesis.”'® Additionally,
EVs are present in all body fluids such as urine,'! blood serum/
plasma,'*'? and bile.'* These facts made the isolation, quantifica-
tion and characterization of circulating EVs a very promising and
attractive potential clinical tool,'> and several methodologies
have been established for these purposes.'® We demonstrated
in the past that fluorescence-activated cell scanning (FACS) is
accurate and reliable to detect MPs isolated from human serum
and plasma.!?!>17 Additionally, we reported that MP profiling
for distinct MP populations that are associated with chronic liver
diseases robustly discriminates between non-alcoholic fatty liver
disease and chronic hepatitis C virus (HCV) infection,'? thus pro-
viding a novel liquid biopsy tool based on serum analyses. Since
almost every cell can release EVs upon stimuli, it is likely that
tumour cells release EVs that reach the peripheral blood flow or
other body fluids and that these particles might reveal the
presence of a tumour.'*>'® We took advantage of this hypothesis
and showed that tumour-released MPs carry one, two or multiple
tumour-associated antigens simultaneously and could indeed
indicate the presence of tumours.'” Furthermore, we showed that
EpCAM" and CD147" tumour-associated MPs (taMPs) accurately
detected colorectal, non-small cell lung, and pancreatic cancers.'”
Additionally, we reported that cell-derived taMP release was
independent of a metastatic phenotype.'” Glypican1* exosomes
have been used for the detection of pancreatic and breast cancer,
but have failed to discriminate between these two entities.!”
Nevertheless, few publications are available showing the diag-
nostic potential of EVs for cancer detection by exploring surface
antigens on EVs. Importantly, based on our multiplex surface
staining strategy, we successfully differentiated hepatocellular
carcinoma (HCC) and cholangiocarcinoma (CCA) from chronic
diseases without liver tumours.

Material and methods
Cell culture

All tissue culture work was performed under sterile conditions in a laminar flow
hood. Cells were invariably incubated at 37°C and 5% CO, in a CO, incubator. The
culture medium used throughout all tissue culture work consisted of Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco by Life Technologies, Pais-
ley, UK) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco by Life Tech-
nologies, Paisley, UK) and 1% (v/v) penicillin-streptomycin (P/S; 10,000 U/ml,
Gibco by Life Technologies, Paisley, UK) dissolved in phosphate buffered saline
(PBS, Sigma Aldrich, Steinheim, Germany) containing 4 mM ethylenediaminete-
traacetic acid (EDTA; Invitrogen by Life Technologies, Paisley, UK).

JOURNAL OF HEPATOLOGY

Human cancer cell lines

The human HCC cell lines HuH7 (CLS Cell Lines Service GmbH, Eppelheim, Ger-
many, #300156) and HepG2 (CLS Cell Lines Service GmbH, Eppelheim, Germany,
#300198) and the human hepatic adenocarcinoma cell line SK-HEP-1 (CLS Cell
Lines Service GmbH, Eppelheim, Germany, #300334) were used as an in vitro liver
cancer model for surface antigen validation. Additionally, the human pancreas
ductal adenocarcinoma cell lines Panc-1 (CLS Cell Lines Service GmbH, Eppel-
heim, Germany, #300228) and the human pancreatic adenocarcinoma cell lines
Capan-1 (CLS Cell Lines Service GmbH, Eppelheim, Germany, #300143) and
Capan-2 (CLS Cell Lines Service GmbH, Eppelheim, Germany, #300144) were uti-
lized as an in vitro negative control.

Surface staining of human cancer cell lines

For the surface staining of human cancer cells 10° freshly harvested cells were
used for each staining. After determining the cell count the corresponding vol-
ume of the cell suspension was transferred to a fresh 1.5 ml reaction tube and
the cells were centrifuged at 300 g for 5 min at 4°C. The supernatant was dis-
carded and the cells were resuspended in 50 ul Fc Block Mix containing
47.5 pl FACS buffer and 2.5 pl Fc Block (unfiltered) for each staining. Samples
were then incubated for 5 min on ice. After the incubation, 50 pl of the Multi
Antibody Mix 1 (EpCAM/CD147) or Multi Antibody Mix 2 (EpCAM/ASGPR1/
CD133) containing 50 pl FACS buffer and 1 pl (pre-dilution necessary) of the
corresponding antibodies according to Table S1 were added to each staining
and the samples were incubated for 15 min on ice in the dark. After the incu-
bation 400 pl of FACS buffer was added to each staining and the samples were
centrifuged at 300 g for 5 min at 4°C. The supernatant was discarded and the
cell pellet was resuspended in 400 pl FACS buffer. For FACS measurement 4 pul
of 1:10 PI was added to each sample and 150 pl was measured using the MACS-
Quant® Analyzer 10.

Human study cohort

The Ethics Commissions of: (i) the State Chambers of Medicine in Rhineland-
Palatinate; (ii) Saarland; (iii) San Sebastian, Spain; as well as (iv)
Warsaw approved the current study (approval numbers: 837.151.13 (8836-F),
167/11, PI2014187, KB/41/A/2016 and AKB/145/2014, respectively) and
patients gave their informed consent. Patients with a major second or third
known comorbidity that could affect immune cell activation, such as acute
inflammation, chronic inflammation, autoimmune diseases or viral infections
besides HBV/HCV and liver cirrhosis, were excluded. Additionally, patients
who underwent chemotherapy or were receiving chemotherapy or were sub-
jected to any other anti-tumour therapy during the time blood samples were
taken were excluded as well, except for patients who participated in the RO
resection study section. The characteristics of the patients are summarized in
Tables S2 and S3.

Isolation of cell derived microparticles from human serum

Blood was collected in standard S-Monovette® 7.5 ml, Serum Gel with Clotting
Activator (Sarstedt AG&Co., Niimbrecht, Germany) and left for 30 min at 37°C
to allow for clot formation followed by centrifugation at 4,000 rpm for 20 min
at 4°C. Clots were carefully separated and supernatants were stored at —80°C
for further MP isolation. MPs from serum samples were isolated by differential
centrifugation between 2,000 and 20,000 g as described by others and
us.!%1114 MPs sedimenting at 20,000 g were characterized by FACS using staining
for the corresponding antibodies according to Table S4 referred to Multi Antibody
Mix 1 or 2 (1: AnnexinV/EpCAM/CD147; 2: AnnexinV/EpCAM/ASGPR1/CD133).
Multi Antibody Mix 2 was optimized for a better detection of liver tumours.
All antibodies were titrated against the matching isotype control on patient’s
samples prior to use. MP preparations were characterized on a MACSQuant 10
Analyser (Miltenyi Biotec, Bergisch Gladbach, Germany) and FACS raw-data
was analysed with FlowJo X software for MAC OSX (Tree Star, Inc., Ashland, Ore-
gon). To avoid non-specific antibody binding, Fc receptors on MPs and target cells
were blocked with FcR Blocking Reagent (eBioscience™, San Diego, CA, USA) and
0.05% BSA. Used BSA blocking solution was centrifuged at 20,000 g prior to FACS
to avoid artefacts due to aggregation.'” All solutions except antibody containing
solutions were centrifuged or filtered (0.2 um) prior to their use to remove con-
taminations such as possible protein aggregates or particles with similar size as
larger EVs.
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Statistical analysis

All data are means with 95% CI. Differences between independent experimental
groups were characterized using one-way analysis of variances (ANOVA). As a
post-hoc test, Dunn’s test was applied for multiple comparisons of subgroups
when one-way ANOVA was positive and succeeded Bartlett's test for equal vari-
ance. A two-tailed Wilcoxon matched pairs signed rank test was applied to assess
differences between patients who underwent a total RO tumour resection
between pre-operative (pre-OP) and post-operative (post-OP) serum samples.'”
To assess the diagnostic ability of the indicated taMP populations and for
discriminating between individuals with the indicated tumours, inguinal hernia,
cirrhosis and controls, we calculated sensitivity, specificity, positive predictive
values (PPV) and negative predictive values (NPV), and area under the receiver
operating characteristic curve (AUROC) values. PPV and NPV were calculated
according to the published algorithms of Altman and Bland.?® These calculations
were performed with Prism 5 (GraphPad Software, La Jolla, USA). Overall, p <0.05
was considered significant. To determine an approximate need for sera, the total
experimental strength (validation study) was calculated with the G*Power
program (Heinrich-Heine-Universitdt Diisseldorf, version 3.1.9.2) for different
effects (effect size f: 0.25, 0.45 and 0.65). In addition, an o error of 0.1 was
assumed, which gives a total needed experimental strength of 312 samples with
an assumed effect size of f=0.25 and a test strength of 0.95 (1-B err prob).

For further details regarding the materials used, please refer to the CTAT
table.

Results

Explorative study: Patients with HCC or CCA are associated with
elevated levels of AnnexinV*" EpCAM* CD147* double-positive taMPs

Firstly, we evaluated the presence of our previously published
tumour-associated antigen combination'”?'~?° on corresponding
liver tumour cell lines in vitro. All indicated potential surface anti-
gens for taMPs, i.e. EpCAM, CD147, CD133 and ASGPR1, showed
medium to high expression on human tumour cell lines (HCC:
HuH7;%® hepatoblastoma: HepG2;?” liver adenocarcinoma:
SK-HEP-128) in vitro with EpCAM ranging from 95 to 99% of all
living cells, except on SK-HEP-1 cells; with CD147 ranging from
82 to 85%, except on HuH7 cells; with CD133 ranging from 93
to 99%, except on SK-HEP-1 cells, and with ASGPR1 ranging from
91 to 99% (Fig. 1A). Importantly, ASGPR1 was not detectable
(<1.5%, p <0.005, Fig. 1B) on human pancreas ductal adenocarci-
noma cell lines Panc-1?° and Capan1/-2,°°3! illustrating the
importance of these antigens as possible cancer antigens and
confirming ASGPR1 as a liver tumour restricted antigen. From
these in vitro data we concluded that distinct cancer specific
antigen combinations, as illustrated in Fig. 2, on donor tumour
cells and their tumour cell derived MPs could specifically be
associated with liver tumours.

To assess the diagnostic performance of AnnexinV*" EpCAM*
CD147* taMPs in HCC and CCA, we isolated MPs by differential
centrifugation of serum from patients with HCC and CCA (con-
firmed by MRI and histology) as published earlier.'>'*'” Healthy
study participants served as negative controls. Mean AnnexinV*
EpCAM" taMP values were significantly elevated (one-way
ANOVA with Dunn’s test) in patients with CCA (n=26) by 3.5-
fold (p <0,005, Fig. 3A) and HCC (n=22) by 2.6-fold (p <0,005,
Fig. 3A) as compared to healthy controls. Interestingly, AnnexinV*
EpCAM" taMPs were also found elevated in inguinal hernia
patients (n=18) as compared to healthy controls by 1.8-fold
(p >0.05, one-way ANOVA with Dunn’s test, Fig. 3A). Certain
exclusions factors/underlying diseases such as inguinal hernia
could be expected, since struma nodosa serum samples were pre-
viously shown to have elevated AnnexinV" EpCAM" taMPs levels
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Fig. 1. Expression profiles of the surface antigens EpCAM, CD147, ASGPR1 and
CD133 on human tumour cell lines. 16 to 24 h after serum starvation cells were
harvested and fluorescently stained for their surface antigens, followed by FACS
analysis. (A) Percentages of the antigen-bearing populations among living cells
are depicted in each individual cell lines. (B) The summed marker expression
present together in all three liver tumour cell lines (HuH7, HepG2 and SK-HEP-1)
and the pancreatic adenoma cell lines (Capan-1, Capan-2 and Panc-1). A two-
tailed Mann Whitney U test was performed to compare the antigen expressing
cell populations (*p <0.05, **p <0.005, ***p <0.0005).

as well.'”. The distribution of putative carcinoma-derived single
positive taMPs (AnnexinV* CD147" EpCAM") levels did not differ
significantly in our study (Fig. 3B). Notwithstanding, the antigen
combination of EpCAM and CD147 on taMPs successfully restored
the tumour restricted detection: AnnexinV* EpCAM* CD147" taMP
values were significantly increased in liver tumour patients (HCC
+CCA) by an average of 2.1-fold (Fig. 3C; Table S5) across both
investigated liver tumour entities. A combination of these two
antigens on taMPs seemed to efficiently separate tumour-
bearing patients from healthy controls and inguinal hernia.

Explorative study: Diagnostic performance (AUROC) and predictive
values of AnnexinV" EpCAM* CD147" taMPs

Computing accompanied AUROC curves assessed the diagnostic
performance (Fig. 3), sensitivity, specificity, PPV and NPV for each
taMP population and investigated cancer entity. Table S5 summa-
rizes the results, indicating that AnnexinV* EpCAM" taMPs were
slightly superior in sensitivity and specificity. However, the
accompanied PPV and NPV favoured AnnexinV® EpCAM*
CD147* taMPs over AnnexinV® EpCAM® taMPs (liver tumour
PPV: 91% vs. 85% and NPV 45% vs. 55%). In spite of lower diagnos-
tic performance, AnnexinV® EpCAM* taMPs, taken together with
our previous results'” were reliable for the detection of HCC
and CCA as well as NSCLC, PaCa, and CRC.

Explorative study: Correlations between AnnexinV* EpCAM* CD147*
taMPs and HCC/CCA tumour load

As previously reported,'”'® in general EVs and most likely certain
taMP populations do not correlate with tumour load or diameter.
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Fig. 2. taMP surface antigen profiling workflow. The schematic summary of the
possible MP profiling workflow is depicted based on the availability of 1 ml
serum. MPs will be enriched by sequential centrifugation as detailed in material
and methods resulting in an ultrapure MP fraction. taMP profiling is performed by
FACS analyses (fluorescence-activated cell scanning) for the indicated surface
antigen combinations. Some of these combinations are present exclusively on
taMPs associated with liver cancer (AnnexinV® EpCAM® CD133* taMPs,
AnnexinV* EpCAM* ASGPR1* CD133" taMPs) while some others are generally
accompanying multiple cancer entities (AnnexinV* EpCAM* taMPs and
AnnexinV* EpCAM* CD147* taMPs). The most likely antigen combinations are
depicted consisting of the indicated antigens e.g. CD133, ASGPR1 etc., plus
AnnexinV, our general MP marker. MPs that are positive for all the listed antigen
combinations will be evaluated by FACS. AnnexinV serves additionally as a
general MP quantification marker.

Nevertheless, we plotted tumour volume (expressed in cm?) and
diameter (in mm) against individual AnnexinV* EpCAM* taMP
values to investigate a possible relationship. Correlations were
considered ‘strong’ with a Pearson’s correlation coefficient (r) of
0.60 to 0.79, ‘moderate’ with a coefficient of 0.40 to 0.59 and
‘weak’ with a coefficient of 0.20 to 0.39.2° Accordingly, Pearson
analysis (two-tailed) revealed that AnnexinV* EpCAM* taMP val-
ues correlated ‘moderately’ with liver tumour diameter
(r=0.5144, p=0.0290, Fig.3D) but ‘weakly’ and non-
significantly with tumour volume (r=0.2913, p = 0.2263; data
not shown).
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The lower detection limit with respect to tumour size is key if
taMPs are to be used as a reliable diagnostic tool. Here, the small-
est detectable liver tumour by AnnexinV* EpCAM* taMPs was in
the range of 10 and 20 mm (with exactly 11 mm) in diameter
(p <0.0005, Fig.3E). By utilizing AnnexinV® EpCAM* CD147"
taMPs, the detection limit was set to a diameter of 17 mm. It
has to be noted that due to the limitations of the currently
applied methods for cancer diagnosis, there were no patients
with smaller tumours available, so the lower detection limit for
tumour diagnosis utilizing taMPs remains undetermined. Regard-
ing the upper detection limit for tumour diagnosis, Annexin®
EpCAM" as well as AnnexinV" EpCAM" CD147* taMPs success-
fully detected all available tumours.

Notably, in both analyses of liver tumour entities no correla-
tions (r <0.3) were observed between AFP, CEA or CA19-9 con-
centrations and measured AnnexinV® EpCAM® taMPs or
AnnexinV*" EpCAM" CD147* taMPs values (two-tailed Pearson’s
correlation, data not shown).

Explorative study: AnnexinV* EpCAM* taMPs and AnnexinV" EpCAM"*
CD147" taMPs levels decrease after surgical RO resection

Consequently, in liver tumour patients with elevated AnnexinV*
EpCAM* CD147* taMPs pre-OP values above our calculated cut-
off, we observed a significant decrease at day 7 post RO resection
(pre-OP blood was usually drawn the day before the resection,
n=18; day 7, post-OP day 7, n=18; day 10, post-OP day 10,
n=>5). In total, 12 out of 18 resected liver tumour patients with
longitudinal blood collections showed a significant decrease from
pre-OP 584 AnnexinV® EpCAM® CD147" taMPs per 10°
AnnexinV*" MPs to 22.2 AnnexinV" EpCAM* CD147" taMPs per
10 AnnexinV* MPs (Fig. 3F) at day 7 post RO resection, including
AnnexinV*" EpCAM* CD147" taMP values for the six patients with-
out a decrease within the 7 day timeframe (p <0.05, Wilcoxon
matched pairs signed rank test, two-tailed). This corroborates
with previous findings,!” and AnnexinV* CD147* EpCAM~ MPs
did not drop after RO resection at day 7 post-OP (p >0.05) (data
not shown).

Validation study - Step 1: taMPs based differentiation between liver
disorders and other tumour entities

This retrospective study explored the possibility that certain
taMP populations are characteristic for specific tumour entities.
Our explorative study confirmed that EpCAM-based antigen com-
binations such as AnnexinV/EpCAM/CD147, detected on HCC and
CCA-derived taMPs, could aid in the diagnosis of liver tumours. In
our validation study, we markedly increased the cohort sizes.
Confirming our explorative study results, we observed similar
increased AnnexinV® EpCAM® taMP values for the indicated
tumour entities, including HCC (n=86), CCA (n=38), CRC
(n=19) and NSCLC (n=24) as well as in inguinal hernia
(n=26) and in chronic liver inflammation (stage cirrhosis,
n = 49) compared to the healthy cohort (CTRL). In the liver disor-
ders cohort, consisting of patients with cirrhosis without malig-
nancy and HCC or CCA, AnnexinV® EpCAM® taMPs were in
general significantly increased by 2.5-fold (p <0.0005, one-way
ANOVA with Dunn’s test, Fig.4A), with specific increases in
patients with HCC by 2.7-fold, CCA by 2.7-fold and cirrhosis by
1.8-fold (p <0.005, p <0005, respectively).
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Fig. 3. EpCAM"* and EpCAM* CD147"* taMPs from human serum can detect liver tumours. MPs were isolated and characterised by FACS from the sera of cancer patients
bearing hepatocellular carcinoma (HCC) or cholangiocarcinoma (CCA). Healthy patients (CTRL), patients with inguinal hernia and patients with cirrhosis served as controls.
Cohort ‘Liver Tumour’ combines both CCA and HCC patients. CTRL-Iso: associated CTRL sera samples incubated with the matched isotype control in exchange of the
indicated antibody. (A-C) Visualises taMPs profile for each study cohort including EpCAM™* (A), CD147" (B) and EpCAM* CD147" (C) taMPs populations given in mean with
95% CI. Dotted lines represent calculated cut-off values (see Table S5). Statistical significance was assessed by one-way analysis of variances (ANOVA) followed by a two-
tailed unpaired t test. Corresponding ROC curve and AUROC value is displayed in order to analyse the diagnostic performances of the respective taMP population. Angle
bisector represents line of identity that marks the lower limit for a successful diagnostic test. (D) Computed Pearson’s correlation (two-tailed) between EpCAM" values and
liver tumour (combined CCA and HCC) diameter given in mm. Only taMP values above the respective cut-off for liver tumours were included into the analysis and vice versa
only values below the cut-off were considered for healthy controls. For each population the corresponding two-tailed Pearson’s correlation coefficient (r), p value (p) and
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included. Day 7 and 10 post-OP were compared to pre-OP values by a two-tailed Wilcoxon matched pairs signed rank test, resulting in significant p values (p <0.05).
(*p <0.05, **p <0.005, ***p <0.0005.)

When the surface antigen combination was extended by
CD133 (Fig.4B) and AnnexinV® EpCAM® CD133* taMP were
assessed, we observed a liver disorder (cirrhosis without malig-
nancy, HCC and CCA combined) restricted increase of AnnexinV*
EpCAM" CD133" taMPs by 2.6-fold (p <0.005, one-way ANOVA
with Dunn'’s test), and individual increases for HCC by 2.6-fold,
CCA by 3.3-fold, and cirrhosis by 2.3-fold (p <0.05, p <0.005,
respectively). As mentioned earlier, no increased AnnexinV*
EpCAM" CD133* taMP values were noted in patients with CRC,
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NSCLC and inguinal hernia as compared to CTRL. Whereas the
accompanied levels of significance were not impressive for
AnnexinV* EpCAM* CD133" taMPs, the separation between CTRL
and liver tumours and cirrhosis markedly increased when the
staining was extended by ASGPR1. Overall, AnnexinV* EpCAM*
CD133* ASGPR1" taMPs in liver disorders were increased by
3.1-fold (p <0.0005, one-way ANOVA with Dunn’s test); individ-
ual increases were 3.1-fold for HCC, 3.7-fold for CCA, and 2.5-fold
for cirrhosis (p <0.0005, p <0.0005, p <0.05, respectively).

Journal of Hepatology 2017 vol. 67 | 282-292



JOURNAL OF HEPATOLOGY

ek cut-off 44.4
A » ek sensitivity 78.5% B

% %‘f 600, —* . specificity 63.3% 100, —— Sensitivity% 100, —— Sensitivity%
Y] 2881 aae/ : wEs fee : —a— Identity% —=— Identity%
—> 2 . R 80 ® 80
= £ > >
S ¢ 150 = 60 s 60

c = =
& £ 100 2 40 2 40
e % CTRL vs. LD o) CTRL vs. HCC
z 2 50 20 ROC 0.77 9 20 ROC 0.7
X c p<0.0001 p<0.0001
o = 0. , \ . . ok - ; ; , )
5 § 0 20 40 60 80 100 0 20 40 60 80 100
<<

100% - Specificity% 100% - Specificity%

100% - Specificity% 100% - Specificity%

>
[72)
C o ** cut-off 4.8 D
% ” L sensitivity 73.4%
< a 600 = specificity 50.0% 100, — Sensitivity% 1007 —— sensitivity%
o = 325] —=— Identity% —=— Identity%
© .+ 80 < 80 Y < entity’
a % 50 > 2
o % s 60 s
Z £ 2 40 2
Q < 5] CTRL vs. LD o) CTRL vs. HCC
g > “ 20 ROC 0.66 @ ROC 0.63
+> ~— 0 p <0.0003 p=0.0103
E < 40 60 80 100 20 40 60 80 100
2 =
C
<

cut-off 6.97

12

o

=

8

*n @ . sensitivity 82.6%

(321 il %

a CEL specificity 50.0% 100, - Sensitivity% 100, - Sensitivity%

‘(_) +€ < 80 —=— |dentity% N 80 —a— |dentity%

- T >

o x 2 =

o 2 S 60 2 60

Q =2 D

25 2 40 £ 40

R ° @ CTRL vs. LD n CTRL vs. HCC

<§( 2 : % « 20 ROC 0.77 20 ROC 0.74
< ot == —_. p <0.0001 <0.0001

Q£ B () s ) S

woE 19 10 0 20 40 60 80 100 0 20 40 60 80 100

S, o _ e o o _ e o

; 0,\(, O\’O 100% - Specificity% 100% - Specificity%

)

c

=

<

Fig. 4. By detecting EpCAM* CD133* and EpCAM* ASGPR1* CD133* taMPs in human serum samples patients with indicated liver disorders can be discriminated from
controls. MPs were isolated and characterised by FACS from the sera of cancer patients (HCC, CCA, CRC, NSCLC), controls (CTRL), patients with inguinal hernia and patients
with cirrhosis. Cohort ‘Liver Disorder’ combines HCC, CCA and patients with cirrhosis. (A-C) Visualises the taMPs profile for each study cohort including EpCAM* (A),
EpCAM"* CD133" (C) and EpCAM* ASGPR1* CD133* (E) populations given in mean with 95% CI. Dotted lines represent cut-off values (see Table S6). Differences were assessed
by one-way analysis of variances (ANOVA) including Dunn’s test. For each population the corresponding ROC curve and AUROC value is displayed in (B), (D) and (F) in order
to analyse the diagnostic performance of the respective taMP population. (*p <0.05, **p <0.005, ***p <0.0005.)

Validation study: Diagnostic performance (AUROC), predictive values
for liver disorder, liver tumour and liver tumour entity-specific
taMPs

Analysing the accompanied AUROC assessing the diagnostic per-
formance (Fig. 3), sensitivity, specificity, PPV and NPV clearly
confirmed that the antigen combination AnnexinV/EpCAM/
ASGPR1/CD133 found on AnnexinV* EpCAM* ASGPR1" CD133"
taMPs was overall superior than AnnexinV® EpCAM® CD133"
taMPs regarding diagnostic performance as well as sensitivity
and specificity (Table S6). However, both taMP populations are
suitable to separate patients with the indicated liver disorders,
i.e. cirrhosis, HCC and CCA, from other non-hepatic tumours
and negative controls as healthy study subjects and patients pre-
senting with inguinal hernia.

As previously published'” and again observed in this valida-
tion study, AnnexinV*" EpCAM" taMPs were prone to exclusions
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questioning their pan-cancer feasibility but were capable of
detecting HCC and CCA. Additionally, consistent with previous
observations,!” no dependence (r <0.3) between measured taMP
populations and AFP, CEA or CA19-9 concentrations were
observed (data not shown), although the latter are widely used
as serum tumour markers, even when not endorsed by clinical
practice guidelines.®

Validation study - step 2: taMPs based differentiation between liver
disorders and liver tumour entities

Since AnnexinV* EpCAM" CD133" taMPs and AnnexinV* EpCAM*
ASGPR1" CD133" taMPs could robustly separate patients suffer-
ing from liver disorders, liver cancer and cirrhosis from other
tumour entities and healthy CTRL, we next evaluated if an anti-
gen combination on taMPs could allow us to separate patients
with liver disorders into liver tumour and non-liver tumour-
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bearing patients. Indeed, the antigen combination consisting of
AnnexinV/EpCAM/ASGPR1 found on AnnexinV*" EpCAM* ASGPR1*
taMPs was highly associated with liver tumours as compared to
cirrhosis but did not allow a differentiation between HCC and
CCA.

Nevertheless, AnnexinV" EpCAM* ASGPR1" taMPs were signif-
icantly elevated by 3.0-fold in liver tumours (p <0.0005, one-way
ANOVA with Dunn’s test, Fig. 5A), individually, HCC by 3.01-fold
and CCA by 2.97-fold (p <0.005, p <0.05, respectively). The
accompanied AUROC values were significant and indicated solid
diagnostic performance (Fig. 5B; Table S6). Table S6 summarizes
cut-offs, sensitivities, specificities, and NPVs and PPVs.

Validation study: Liver tumour-specific taMP levels decrease after
surgical RO resection and are dependent on liver tumour load

The surgical removal of the liver tumour load (RO resection),
which is associated with a drop of AnnexinV*" EpCAM* ASGPR1*
taMPs at day 2 post-OP nicely underlined our finding of a useful
antigen combination on these taMPs, separating patients with
liver disorders into cirrhosis patients without a liver tumour
and liver tumour patients with or without cirrhosis. In detail,
mean pre-OP AnnexinV" EpCAM" ASGPR1" taMP levels of 26.7
AnnexinV* EpCAM* ASGPR1" taMPs per 10° AnnexinV' MPs
dropped significantly at day 2 post-OP to 16.1 AnnexinV*" EpCAM*
ASGPR1* taMPs per 10° AnnexinV* MPs (p <0.005, two-tailed
Wilcoxon matched pairs signed rank test, Fig. 5C) and remained
low at day 10 post-OP at 7.7 AnnexinV" EpCAM* ASGPR1" taMPs
per 103 AnnexinV*" MPs (p <0.05). Even though a rebound at day
7 post-OP was observed in some patients, the overall day 7 post-

cut-off 4.2
sensitivity 75.0%
specificity 47.0%

>
(@)

OP taMPs levels remained low at 13.1 AnnexinV® EpCAM*
ASGPR1* taMPs per 10° AnnexinV* MPs. Of note, resection serum
series with pre-OP taMP values below the given cut-offs were
excluded.

Validation study: Correlations between AnnexinV® EpCAM",
AnnexinV® EpCAM* CD133", AnnexinV" EpCAM* ASGPR1* CD133"
and AnnexinV* EpCAM+ASGPR1* taMPs and HCC/CCA tumour load

Pearson analysis (two-tailed) revealed that AnnexinV" EpCAM*
ASGPR1" taMP values of the correctly identified liver tumour
samples correlated ‘moderately’ with liver tumour diameters
(r=0.56, p <0.0001, Fig.6A), indicating a likely dependency
between taMPs and tumour diameter. Additionally, we observed
that AnnexinV* EpCAM" taMPs did perform slightly better and
correlated ‘moderately to strongly’ with tumour diameter
(r=0.60, p <0.0001, Fig. 6A) in line with our explorative study.
No correlations were observed between AnnexinV® EpCAM*
ASGPR1" taMPs levels of liver tumour patients and AFP, CEA or
CA19-9 (r <0.3 or p >0.05, data not shown). In particular, no sig-
nificant correlation between AFP levels and tumour diameter
(r=0.13, p=0.4637, Fig. 6C) was observed, confirming our find-
ing that AnnexinV*" EpCAM* ASGPR1" taMP values can serve as
a novel kind of liquid biopsy for tumour load.

In our validation study the smallest liver tumour detectable
by taMPs was in the range of 10 to 30 mm (exactly 11 mm) in
diameter (Fig. 6B). It's worth mentioning that the indicated taMP
populations might be able to detect tumours even below 10 mm
diameter. However, the statistical analysis for the two tumour
samples in our cohort with diameters smaller than 10 mm was
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Fig. 6. taMPs from human serum correlate with tumour load and are capable of detecting small tumours. MPs were isolated and were analysed by FACS from the sera
of liver cancer patients (CCA and HCC). (A) Pearson’s correlations (two-tailed) between EpCAM* taMP, EpCAM* CD133* taMP, EpCAM* ASGPR1* CD133* taMP and EpCAM"*
ASGPR1* taMP values and liver tumour diameter [mm]. Only values above the cut-off (see Table S6) for liver tumours were included into the analysis and only values below
the cut-off were considered for controls. For each population the corresponding Pearson’s correlation (two-tailed) coefficient (r), p value (p) and coefficient of determination
(R?) are displayed. (B) taMP levels separated into groups of increasing liver tumour diameter for the populations shown in A. Differences were assessed by one-way analysis
of variances (ANOVA) including Dunn’s test. Analysis was restricted to samples with taMPs values above the cut-off for liver tumours. (C) It visualises the Pearson’s
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not significant due to the low number of patients. However, we
did not have access to more serum samples from patients with
very small tumours.

Discussion

Here, we addressed the hypothesis that MP profiling can be
extended to not only monitoring taMP subpopulations that are
closely linked to cancer in general, such as AnnexinV* EpCAM*
CD147* taMPs, but to identify those that are associated specifi-
cally with liver tumours. Additionally, we asked to what extent
taMP abundance correlates with liver tumour diameter/volume
and with tumour resection (R0O). Our work yielded a proposed
strategy on how to detect a liver tumour, here HCC or CCA, in
patients at risk. We conclude that our two step approach as out-
lined in Fig. 7 will; (i) confirm a liver disorder, e.g. cirrhosis and/or
liver tumour; and (ii) detect liver tumour-specific taMP antigen
combinations on HCC- and CCA-derived taMPs, allowing the sep-
aration between liver tumour-bearing vs. non-liver tumour-
bearing patients. This approach is associated with a diagnostic
performance consisting of AUROC values and PPV and NPV scores
higher than 75%, indicating the potential for liver tumour detec-
tion. At the end of the last century scientists had tried to detect
cancer traces in the periphery that might distinguish tumour-
bearing patients from healthy individuals or other non-tumour-
bearing controls. In 1998 an interesting study was published

utilizing PCR as a current state of the art technology.>? Circulating
lung cancer cells were semi-quantitatively determined by taking
the ratio of cytokeratin 19 vs. glyceraldehyde-3-phosphate dehy-
drogenase band intensity into account. The reported positive
detection score was 40% for lung adenocarcinoma patients of all
stages, 41% for squamous carcinoma patients of all stages, and
27% for small cell lung cancer patients.>”

Recent advances in antibody-based capturing methodologies
in combination with molecular analysis such as quantitative
PCR have allowed for the assessment of circulating tumour cell
(CTC) derived from the primary tumour or from metastatic
cells.>®> However, the major draw back has been the lack of truly
reliable ‘marker’ genes, since the frequently used markers were
also detectable on non-tumour cells and even tumour-related
markers (for instance, AFP) were reported to be present in non-
tumorous conditions without providing proof that tumour cells
are reliably detectable.®® Previously, we showed that profiling
of cell-derived MPs isolated from the peripheral blood of patients
with chronic liver diseases such as non-alcoholic steatohepatitis
or chronic viral hepatitis in comparison to healthy controls can
successfully be used not only to assess the health state of their
liver, but eventually to monitor the extent of inflammation and
the fibrosis stage.>* Additionally, the possibility of utilizing large
or small EVs for cancer surveillance has been explored but unsat-
isfactorily answered the question whether cancer entity-specific
EV populations exist.!”!°
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Fig. 7. Possible application as a diagnostic tool for detection of liver cancer.
Overview of the application of the presented data is displayed as potential future
detection guideline for non-invasive taMP liver cancer assessment in patients at
risk to develop liver cancer. This approach will consist of a general screening for
elevated AnnexinV® EpCAM® taMPs and AnnexinV® EpCAM® CD147° taMPs
indicating a liver disorder, here liver cancer or cirrhosis. Patients positively
identified by elevated values above given cut-offs will follow a second step, where
taMP screening will consist of a validation and a differentiation step. 1st -
Validation of liver cancer or cirrhosis - using the screening for AnnexinV* EpCAM*
CD133"* taMPs and AnnexinV*® EpCAM* ASGPR1* CD133" taMPs. 2nd - Final
discrimination between liver tumours and cirrhosis - here, the presence of
AnnexinV* EpCAM* ASGPR1" taMPs will be evaluated. Patients identified with
liver cancer will undergo finally tumour assessment with MRI/CT/biopsy.

Current guidelines recommend non-invasive diagnosis of
HCC.?* Indeed, in most cases biopsy of the tumour is not neces-
sary to establish the diagnosis. Given their non-invasive nature,
liquid biopsy and analysis of taMPs perfectly fit to these recom-
mendations. Our choice was based on membrane antigens that
were previously successfully used'” in histopathological charac-
terisation or FACS data, and were also supported by functional
analyses for EpCAM,>%37 €D133,>%3° and ASGPR1.%° Hence, we
were confident that some combinations on taMPs might help to
identify liver tumour-derived taMPs and separate them from
other non-hepatic tumour entities. If the selected antigens were
utilized individually, these surface antigens would not be able
to distinguish between healthy controls and any type of tumour
entity or tumour-derived taMP subpopulation.

Therefore, the unique combinations of these antigens on
taMPs have the potential to be suitable for pinpointing the pres-
ence of a tumour or even an individual tumour entity in vivo. Our
explorative study demonstrated that elevated numbers of blood-
born AnnexinV*" EpCAM* CD147* taMPs bear a high potential to
indicate the presence of tumour tissue per se, associated with
useful PPV and NPV values. But the specific taMP surface antigen
combination consisting of EpCAM, ASGPR1 and Annexin V, a
general MP marker,>'>344! became a powerful tool to identify

specifically liver tumour-derived taMPs and distinguishing them
from other investigated tumour entities such as CRC and NSCLC.

A study applying EpCAM* CTC-based methodology in a non-
blinded HCC cohort with 123 patients demonstrated that 82
HCC patients showed elevated numbers of circulating EpCAM*
CTCs, yielding in a PPV of 66.66%.%° It is noteworthy that our
approach not only yielded higher PPV but also allowed the dis-
tinction between liver tumour-bearing vs. liver tumour-free sam-
ples in patients with cirrhosis and from other tumour entities.
Additionally, current methods to detect CTCs have been discussed
and raised the question whether few CTCs (usually less than 10
per ml) can reliably be detected in the peripheral blood of
patients with liver cancer.”! In contrast, we have shown in our
previous publications that even the smallest of MP subpopula-
tions such as the one derived from invariant natural killer T
(iNKT) cells and the AnnexinV® EpCAM* CD147° MPs can be
detected by FACS and be utilized to assess inflammation.>*

In terms of early tumour diagnosis it is of utmost importance
to have knowledge about the lowest possible tumour size for
detection to assess the usefulness of a novel tool as compared
to other methods. Due to the lack of patients with tumours smal-
ler than 11 mm, which represents the lower detection limit in
this study, it was not possible to investigate the potential of the
tool to identify even smaller tumours. This finding deserves spe-
cial emphasis, since one of the major limitations in early liver
cancer diagnosis is the inefficiency of the currently applied meth-
ods to reliably detect tumours below 20 mm of size (sensitivities
below 50%).*>**> With this in mind, taMPs as an early tumour
detection tool might only be limited by the stage of vasculariza-
tion of the tumour, since this is a prerequisite for sufficient
amounts of taMPs being present in the bloodstream. Vasculariza-
tion usually occurs when the tumour exceeds a critical diameter
(~2 mm).**

In summary, we provide strong evidence that taMP screening
and profiling (as proposed in Fig. 7) bears the potential not only
to identify chronic liver diseases as previously published,** and
acute liver failure,"! but also to trace liver tumours or even differ-
entiate liver cirrhosis from liver tumours in patients with cirrho-
sis. Importantly, taMPs can potentially determine the tumour
presence non-invasively, circumventing concerns in observer
variability in cancer patients.*>~*” We generated significant lines
of evidence to foster our hypothesis that MP screening using the
defined taMP populations could be used as a novel liquid biopsy
tool to identify and discriminate liver tumours in patients with
cirrhosis. Additionally, future work will focus on different sets
of surface markers that can identify individual tumour entities
that could lead to the development of a cancer entity-based taMP
profile library in the future. Such library could provide a robust
tool for non-invasive screening large cohorts.
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1 | INTRODUCTION

URBAN ET AL.

Abstract

Background: Biliary cancer, comprising cholangio- and gallbladder carcinomas, is
associated with high mortality due to asymptomatic disease onset and resulting late
diagnosis. Currently, no robust diagnostic biomarker is clinically available. Therefore,
we explored the feasibility of extracellular vesicles (EVs) as a liquid biopsy tool for
biliary cancer screening and hepatobiliary cancer differentiation.

Methods: Serum EVs of biliary cancer, hepatocellular carcinoma, colorectal cancer
and non-small cell lung cancer patients, as well as from healthy individuals, were
isolated by sequential two-step centrifugation and presence of indicated EVs was
evaluated by fluorescence activated cell sorting (FACS) analysis.

Results: Two directly tumour-related antigen combinations (AnnV'CD44vé" and
AnnV'CD44v6'CD133") and two combinations related to progenitor cells from the
tumour microenvironment (AnnV*CD133"gp38* and AnnV'EpCAM* CD133*gp38*)
were associated with good diagnostic performances that could potentially be used
for clinical assessment of biliary cancer and differentiation from other cancer enti-
ties. With 91% sensitivity and 69% specificity AnnV'CD44v6* EVs showed the most
promising results for differentiating biliary cancers from HCC. Moreover using a
combined approach of EV levels of the four populations with serum AFP values, we
obtained a perfect separation of biliary cancer and HCC with sensitivity, specificity,
positive and negative predictive value all reaching 100% respectively.

Conclusions: EV phenotyping, especially if combined with serum AFP, represents a
minimally invasive, accurate liquid biopsy tool that could improve cancer screening
and differential diagnosis of hepatobiliary malignancies.

KEYWORDS
biomarker, cholangiocarcinoma, diagnosis, extracellular vesicles, gallbladder cancer,

hepatocellular carcinoma

Keypoints

Biliary tract cancers are considered rare diseases on a worldwide scale,
yet incidence rates are rising. Gallbladder cancer (GbCA) and cholan-
giocellular carcinoma (CCA) are characterized by high mortality rates
owing to the tumour's aggressiveness and lack of early diagnosing
possibilities.l'2 Currently, no GbCA or CCA-specific serum, bile, urine
or other non-invasive marker is available for reliable early detection,
monitoring or screening.3 If diagnosed in time, surgical resection of the
gallbladder and bile duct represents the only curative option.® In most
cases, GbCA and CCA progress asymptomatically until a metastatic and
inoperable stage is reached,* resulting in 5-year survival rates of around
5% for GbCA and 20% for CCA.>® Despite multiple imaging techniques
for staging of biliary tract malignancies, less than 10% of GbCA and
only about 50% of CCA are resectable at the time of diagnosis.”
Recently, circulating extracellular vesicles (EVs) have been
considered as a minimally invasive screening tool for early cancer
diagnosis.®! According to the MISEV2018 guidelines, circulating
EVs can be classified into small EVs (sEVs), typically with a diameter

e No reliable diagnostic serum biomarkers for biliary can-
cer, that are fatal diseases with high mortality rates, are
available.

e Extracellular vesicles could be a new clinically relevant
serum biomarker for biliary cancer screening/diagnosis.

e Combination of extracellular vesicle levels and AFP val-
ues enhances the screening/diagnostic capacity for bil-

iary cancer detection.

below 100 nm, and large EVs (IEVs) with typical diameters rang-
ing between 100 and 1000 nm.*2 If not specified otherwise the
term ‘EVs’ is subsequently used to describe large EVs throughout
the manuscript. Essentially, the two types differ in size and mode
of cellular release. Whereas small EVs are generated within the
endomembranous system of the cell and reside within so-called

multi-vesicular bodies before their release, large EVs are shed
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directly from the plasma membrane of their parental cell.'® By iso-
lating circulating EVs from peripheral blood and analysing them by
fluorescence-activated cell scanning (FACS), it is possible to create
disease-specific EV profiles. Tumour-associated EVs have been in-
vestigated in many forms of cancer, that is, glioblastoma and hepa-
tocellular carcinoma (HCC).®'* Therefore, EVs may be considered
a novel type of minimally invasive liquid biopsy as highlighted re-
cently by others and our group.&1:151¢

Considering the fatality of GbCA and CCA that is due to insuffi-
cient diagnostic measures, the need for novel early and accurate can-
cer diagnosis tools is omnipresent.’®” By making use of circulating
EV profiling, we aim to find surface antigen combinations for biliary
cancer-derived EVs and for EVs associated with the tumour microen-
vironment that might aid in early diagnosis of GbCA and CCA.

2 | MATERIALS AND METHODS
2.1 | Mice

Animals were obtained from Charles River (Sulzfeld) and housed in
pathogen-free conditions in an assigned mouse cabinet (Bioscape)
at the Department of Medicine Il at Saarland University. All experi-
mental procedures were performed on male 7-9-week-old wildtype
C57BI/6 mice, fed with standard diet, with the approval of the ethics
and animal care committee Homburg.

2.2 | Preparation of organ single cell
suspensions and FACS measurement

Murine single cells were digested and stained for flow cytometry as de-
scribed earlier.® Briefly, mouse organs were removed, cut into pieces
and enzymatically digested for 60-90 minutes at 37°C. After digestion,
cells were collected and red blood cells were lysed in liver and lung
using ACK lysis buffer (Life Technologies). Single cell suspensions were
counted on a MACSQuant® Analyzer 10 (Miltenyi Biotec). For each
staining, 3 x 10° (liver), 1 x 10* (gallbladder), 1 x 10° (colon) or 4 x 10°
(lung) single living cells were incubated with antibodies against CD45
(103116, BioLegend), CD31 (102406, BioLegend), ASGPR1 (AF2755,
R&D Systems), EpCAM (118225, BiolLegend), CD133 (130-102-210,
Miltenyi Biotec), gp38 (127410, BioLegend) and CD44 (130-102-904,
Miltenyi Biotec). ASGPR1 was only included for liver, not for other or-
gans. Liver cells were stained with a secondary antibody against goat IgG
(A11055, Invitrogen). Detailed information about all applied antibodies
can be found in Table S1. All cells were measured on a MACSQuant®
Analyzer 10 (Miltenyi Biotec).

2.3 | Human study cohort

The Ethics commissions of (a) the State Chambers of Medicine

in  Rhineland-Palatinate, Ger-many approval number:
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837.151.13 (8836-F)); (b) Saarland, Germany (167/11); (c)
San Sebastian, Spain (P12014187); (d) Warsaw, Poland
(KB/41/A/2016 and AKB/145/2014) and (e) Cluj-Napoca,
Romania (3042/07.03.2018) approved this study. All patients
gave their informed consent.

Patients that received chemotherapy or were subjected to
any other anti-tumour therapy during the time blood samples
were taken were excluded. The characteristics of the patients
are summarized in Table 1. GbCA patients who had under-
gone previous cholecystectomy were excluded from the cur-

rent study.

2.4 | Isolation of extracellular vesicles and
subsequent FACS analysis

Human blood samples were collected in Clotting Activator
S-Monocuvettes (7.5 mL, Sarstedt) and were allowed to coagulate at
RT for 30-60 minutes. Subsequently, samples were centrifuged for
20 minutes at 1500 g. Isolated serum was collected and stored at
-80°C.

All large EV isolation and staining procedures were performed
according to previously established and published protocols.®?
Briefly, 1 mL patient serum was successively centrifuged at 2000 g
and 20 000 g. Small EVs were isolated using the Total Exosome
Isolation Reagent (Invitrogen by Thermo Fisher Scientific) follow-
ing the manufacturer's specifications. Isolated EVs were incubated
with Annexin V (AnnV)-FITC (130-093-060, Miltenyi Biotec) and
were subsequently stained with antibodies against EpCAM (130-
097-324), CD133 (130-107-453), gp38 (130-106-954) and CD44v6
(130-111-425, all Miltenyi Biotec). Detailed information about all
applied antibodies can be found in Table S2. All samples were an-
alysed using the MACSQuant Analyzer (Miltenyi Biotec). Cohort
sizes within the progenitor cell- and tumour-associated cohorts
were eventually not coherent due to flow cytometric measurement

errors.

2.5 | LC-MS analysis

Details can be obtained from Supporting information.

2.6 | Human cancer cell lines

Information about the used cancer cell lines and details on stain-
ing protocols for FACS analysis can be obtained from Supporting
information.

2.7 | Nanoparticle tracking analysis

Details can be obtained from Supporting information.
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TABLE 1 Patient characteristics. Summary of demographic and biochemical parameters of patients with indicated diseases and healthy
controls. Age, BMI, CEA, CA 19-9, ALT, AFP and bilirubin are given as mean; #: absolute number of patients in each cohort, S.D.: standard

deviation, n.a.: not available

Healthy CTRL  Cirrhosis GbCA
Patients [#] 48 54 29
Female [#] 33 15 24
Male [#] 15 39 5
Age [y] 30.7 52.5 63.0
S.D. 12.3 9.5 111
Range 17-75 21-72 31-77
BMI [kg/m?] 24.8 26.2 25.4
S.D. 5.0 4.8 4.3
range 18.8-38.3 20.0-38.6 18.6-36.3
CEA [ng/mL] n.a. 8.8 14.5
S.D. 2.3 35.0
Range 0.8-8.1 0.8-177.0
CA 19-9 [U/mL] n.a. 23.9 5,137
S.D. 27.3 9,633
Range 2.0-133.9 5.4-43,152
ALT [U/L] n.a. 65.0 70.8
S.D. 54.4 81.8
Range 8.0-320.0 8.0-391.0
AFP [ng/mL] n.a. 11.8 6.3
S.D. 42.7 11.6
Range 0.8-293.4 1.6-60.3
Bilirubin [mg/dL] n.a. 4.5 6.9
S.D. 6.9 9.7
Range 0.6-33.7 0.2-31.4
T stage [%], 1/2/3/4 n.a. n.a 10/17/69/4
N stage [%], 0/1/2 n.a. n.a 28/65/7
M stage [%], 0/1 n.a. n.a 55/45
Underlying cirrhosis [%] n.a. n.a n.a

2.8 | Data processing and analysis

FACS data were analysed using FlowJo 10 for MAC OSX (Tree
Star Inc). Statistical analysis was performed using GraphPad Prism
5 (GraphPad Software Inc). Figures were created using GraphPad
Prism 5 and Adobe lllustrator (Adobe Systems Inc).

2.9 | Statistical analysis

All EV profiles depict the population median with interquartile
range (IQR) and whiskers representing 1.5 x IQR according to
Tukey. Multiple cohorts (>2) were assessed by Kruskal-Wallis non-
parametric tests followed by Dunn's multiple comparison post hoc
tests. Each degree of freedom (df) is indicated in the correspond-
ing figure legend. To assess the diagnostic benchmarks of EV
populations, we calculated sensitivity, specificity, positive predic-

tive values (PPV) and negative predictive values (NPV), and area

CCA HCC NSCLC CrC

77 67 32 20

34 27 9 5

43 40 23 15

63.6 64.1 64.4 69.9

9.9 12.3 9.6 13.8
32-85 24-83 49-81 33-89
26.2 26.1 26.7 27.6

3.9 3.9 4.4 5.7

18.7 -37.5 18.9-42.5 20.2-44.5 20.2-44.5
7.3 3.0 3.6 4.9

11.2 3.1 4.0 4.0
0.3-50.4 0.5-18.8 0.4-13.6 0.4-13.5
2,564 30.4 20.5 24.3
11,945 54.5 11.8 29.4
0.6-100,000 0.0-308.0 12.1-28.8 1.1-120.0
94.7 68.5 47.5 35.9
122.0 63.0 116.7 36.6
11.0-701.0 9.0-349.0 9.0-661.0 6.0-159.0
3.4 181.2 n.a. n.a.

2.3 216.9

0.9-16.3 1.8-820.4

16.3 3.8 0.5 1.1

76.7 55 0.3 2.2
0.2-644.0 0.0-23.9 0.2-1.4 0.1-10.0
31/36/19/14 54/25/14/7 n.a. n.a.
63/37/0 95/5/0 n.a. n.a.
67/33 57/43 n.a. n.a.

6 69 n.a n.a

under ROC curve (AUC) values. Overall, P < .05 was considered
significant. The total experimental strength was calculated with
the G*Power program (Heinrich-Heine-Universitat Dusseldorf,
version 3.1.9.2) for different effects (effect size f: 0.25, 0.45 and
0.65). An a error of 0.05 was assumed. In detail, our validation
study (Figure 3A,C) were associated with a test strength of >0.98
(1-p err prob) (f = 0.25, 3 df) each and (Figure 3E,G) with 0.85 (1-p
err prob) (f = 0.25, 3 df) each respectively.

3 | RESULTS
3.1 | Selecting potential biomarkers for biliary
cancer diagnosis

As published by us 2017 in the Journal of Hepatology, where we
provide several useful large EV surface antigen combinations allow-

ing us to differentiate liver tumour entities from other non-hepatic
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malignancies,®

now we had aimed to distinguish hepatobiliary
cancer entities from each other, in particular biliary cancers (CCA
and GbCA) from HCC. As a starting point we used our published
hepatobiliary EV antigen combination consisting of AnnV, CD133
(Prominin-1), CD326 (EpCAM) but minus ASGPR1. Furthermore,
we added CD44vé6 to the combination, acknowledging several re-
ports that had indicated that CCA might be associated with CD44vé
expression.?° Besides quantifying EVs derived directly form biliary
cancer cells, we addressed the question if EVs shed from podopla-
nin* (gp38) liver progenitor cells, as published by us, could indirectly
indicate biliary cancer presence.?*

Podoplanin (gp38) and Prominin-1 (CD133) are both transmem-
brane glycoproteins that are typically expressed on progenitor cells
in the liver tumour microenvironment, whereas CD44 variant 6
(CD44vé6) and epithelial cell adhesion molecule (EpCAM, CD326) are
both transmembrane cell adhesion proteins that can be found on the
surface of various carcinomas.

First, we compared in vitro expression levels of the selected
markers EpCAM, CD44v6, CD133 and gp38 by FACS on CCA
tumour cell lines (TFK-1, EGI-1 and CCC-5) and HCC tumour cell
lines (HuH7, HepG2 and Hep3B), addressing the question if our
selection of surface EV antigens could separate CCA from HCC
at the cellular level (Figure 1A,B). Unfortunally, to our knowledge
no GbCA cell line is commercially available. Gating strategy, per-
formance of antibodies and their corresponding isotype controls
are depicted in Figure S2. The expression profiles of the three tu-
mour cell lines within each cohort (HCC or CCA) were similar, with
EpCAM being universally present on all investigated tumour cell
lines in relatively high levels (Figure 1A). Gp38 could not be de-
tected on any tumour cell line, which is in agreement with available
data since it is rather expressed on cancer stem cells and several
types of squamous cell carcinomas, malignant mesothelioma and
brain tumours.?223 So far no expression of gp38 was reported on
HCC cell lines.?* With exception of the CCA tumour cell line EGI-1,
high CD133 expression was almost exclusively limited to HCC cell
lines. CD133 was significantly (P < .001) higher expressed by 6.6-
fold in HCC than CCA cell lines (HCC: mean of 92% + 3.625 SEM
and CCA: mean of 14% + 6.665 SEM). On the contrary, all three
CCA cell lines expressed CD44vé6 in high levels, CD44v6 expres-
sion was significantly (P < .001) elevated in CCA cell lines by
58.5-fold (HCC: mean of 1.3% + 0.223 SEM and CCA: mean of
76% + 5.117 SEM, respectively), whereas no expression on HCC
cell lines could be detected arguing strongly for being a suitable
biliary cancer antigen that could be very likely utilized in our EV
biliary cancer related surface antigen combination. Even though
EpCAM was highly expressed on all cell lines, the cohort compar-
ison revealed a significantly (P < .001) lower EpCAM expression
on CCA cell lines, with a mean of 99% + 0.389 SEM and a mean of
96% + 0.542 SEM on HCC and CCA cells respectively (Figure 1B).

Our in vitro tumor cell line data was supported by already pub-
lished data that was upon our request analysed for EpCAM, CD133
and CD44 in EVs extracted from CCA tumour cell lines (TFK-1 and
EGI-1, each n = 3), additionally complemented by EVs derived from
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human primary cholangiocytes (NHC; n = 3) and analysed by liquid
chromatography-mass spectrometry.*° Corresponding statistics are
provided in Table S3. In detail, EpCAM was detected in EVs derived
from tumour cell lines and primary cholangiocytes, but was shown to
be significantly (P < .01) more abundant in CCA-derived EVs than in
non-malignant primary cell EVs. CD133 was particularly enriched in
EVs derived from EGI-1 cells, whereas CD44 was predominantly re-
stricted to TFK-1-derived EVs. Importantly, CD133 and CD44 were
less abundant in EVs derived from non-malignant primary cholan-
giocytes. Unfortunately, it was not possible to analyse any CD44

variants retrospectively.

3.2 | Identifying possible parental cell populations
expressing the candidate markers

After verifying the presence and differential expression of our can-
didate markers on malignant cells in vitro, we aimed to identify pos-
sible physiological donor cell populations in vivo that express one
or more of the markers simultaneously on their surface and could
thus be a source for circulating EVs presenting the respective mark-
ers. For FACS analysis, wild type C57BI/6J mouse organs were en-
zymatically digested to single cell suspensions and subsequently
stained with a panel of antibodies (CD45, CD31, ASGPR1 (liver only),
CD133, gp38, EpCAM and CD44). Corresponding isotype perfor-
mances are depicted in Figure S3. The general gating strategy ap-
plied to all organs is exemplarily summarized in Figure 1C. In short,
after excluding cellular debris, cell clusters, dead cells (Pl), nucleated
hematopoietic cells (CD45"), endothelial cells (CD31*) and hepato-
cytes (ASGPR1*, liver only), mesothelial cells were additionally ex-
cluded based on their high gp38 expression profile. Double positive
CD133"gp38" progenitor cells were detected in every organ except
for the colon (Figure 1D, upper panel). Additionally, triple positive
CD133*gp38*EpCAM" cells could be found to various degrees in all
organs except for the colon (Figure 1D, lower panel). CD44 could
clearly be detected in colon but was weakly expressed in liver, gall-
bladder and lung (Figure 1E, upper panel). Accordingly, double posi-
tive CD44"CD133" cells were rare in all mouse organs with a slightly
increased abundance in murine gallbladder cells (Figure 1E, lower
panel). In sum, our marker selection comprising the combinations
CD133%gp38*, CD133*gp38"EpCAM*, CD44" and CD44'CD133"
were found to be expressed under steady state conditions in wild
type mice.

3.3 | Quality management (QM) for FACS
analysis of EVs

We thoroughly tested the quality of every reagent used for EV analy-
sis and could not detect any accountable contamination (Figure S4A).
In agreement with the guidelines provided by the International
Society for Extracellular Vesicles (ISEV),%° typically, fractions of

large EVs isolated by centrifugation result in cross-contaminations
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FIGURE 1 EpCAM, CD133, gp38 and CD44vé6 are potential biomarkers for biliary cancer detection. Surface expression of the marker
selection among living cells on CCA (TFK-1, EGI-1 and CCC-5, each n = 3) and HCC (HuH7, HepG2 and Hep3B, each n = 3) cell lines was
analyzed by FACS. Graphs show means (percentage of living cells) with SEM of all HCC and CCA cell lines individually (A) and of CCA and
HCC cell lines combined (B, each n = 9). For statistics a two-tailed Mann-Whitney U test was performed with P < .05 considered statistically
significant (* = P < .05, ** = P < .01). Corresponding gating strategy and isotype controls are provided in Figure S2. C-E, Single cell
suspensions were prepared from wild type C57BI/6J liver, gallbladder, lung and colon. Cells were stained with a panel of surface markers:
CD45, CD31, ASGPR1 (liver only), gp38, CD133, EpCAM and CD44. Propidium iodide was used for dead cell exclusion. Corresponding
gating strategy and isotype controls are provided in Figure S3. All depicted dot plots and histograms are representative of three independent
experiments. C, Representative dot plots of the general gating strategy for all organs are exemplarily depicted for murine liver. ASGPR1
was only included for liver, not for other organs. D, CD133*gp38* populations are depicted in the upper panel. Numbers indicate percent

of parent population (mesothel excluded). Double positive cells were additionally tested for EpCAM positivity (white) as compared to
corresponding isotype controls (grey) in the lower panel. E, Histograms of CD44" cells (white) as compared to isotype (grey) are depicted

in the upper panel. The lower panel represents dot plots of double positive CD44*CD133" cells. Numbers indicate percent of parent
population (ASGPR1 for liver or CD31 for other organs). A, area; FSC, forward scatter; H, height; SSC, sideward scatter

with small EVs and vice versa.?® Complying with our QM, we tested
the sensitivity of our FACS analysis assessing the numeric effect
of a given small EV cross-contamination on our FACS-based large
EV phenotypic analysis. In short, staining and FACS measurement
parameters including gating strategy as utilized for large EV analy-
sis (see Figure S5A) were applied to serum small EVs (Figure S4B).
They were counted and confirmed in size by nanoparticle tracking
analysis (NTA) prior to FACS, revealing a median diameter of 87.4 nm
(D50), ranging from 35.7 (D10) to 139.8 nm (D90) (Figure S4C). The
FACS sensitivity was set and confirmed by an initial number of em-
ployed small EVs for FACS measurement of 1.175 x 10, from which
only a total of 130 events were positive for AnnV, an established EV
marker, ruling out any substantial influence of small EV cross-con-
taminations on large EV quantification in this explicit experimental
setting (Figure S4B). Large EVs that were employed to conduct the
following diagnostic experiments were confirmed in size by NTA and
revealed a median diameter of 209.0 nm (D50), ranging from 153.8
(D10) to 323.9 nm (D90) (Figure S4D). Note: small EVs were only
used for QM. The whole study is based on large EVs. Thus, if not
specified otherwise the term ‘EVs’ is subsequently used to describe

large EVs throughout the manuscript.

3.4 | Explorative study - EVs discriminate biliary
cancer from healthy controls

With our selection of surface antigens proven present in vivo, we
aimed to confirm their pertinence in a pathophysiologically relevant
setting. Serum EVs were isolated from 10 patients with biliary can-
cer (5 CCA and 5 GbCA) and from 10 healthy controls by differential
centrifugation and stained using antibodies against CD133, gp38,
EpCAM and CD44vé. All stainings included AnnV, a common EV
marker. Stained samples were subsequently analysed by flow cytom-
etry (FACS) using the gating strategy described in Figure S5A. For
every combination of surface markers, the gates for each antibody
were applied successively (Figure S5B,C). Importantly, all antibodies
were titrated against their matching isotype prior use (Figure S5D).
Statistical analysis by two-tailed Mann-Whitney U tests revealed

that EVs from patients with biliary cancer were significantly elevated

as compared to healthy controls in all four investigated EV popu-
lations (Figure 2A-D). In detail, AnnV*CD133*gp38* EV levels of
biliary cancer patients showed a 7.1-fold increase as compared to
healthy donors (P < .01; biliary CA: median 20.9, healthy CTRL:
median 3.0) (Figure 2A). AnnV'EpCAM*CD133%gp38" EV levels of
biliary cancer patients were 5.7-fold increased compared to healthy
controls (P < .001; biliary CA: median 13.6, healthy CTRL: median
2.4) (Figure 2B). AnnV*'CD44v6" EV levels of biliary cancer patients
showed a 2.5-fold elevation as compared to healthy donors (P < .05;
biliary CA: median 93.4, healthy CTRL: median 37.7) (Figure 2C) and
AnnV*CD44v6*CD133" EV levels of biliary cancer patients were
2.3-fold elevated compared to healthy controls (P < .01; biliary CA:
median 28.4, healthy CTRL: median 12.3) (Figure 2D).

3.5 | Validation study - progenitor cell-
associated and tumour-associated EVs for biliary
cancer diagnosis

Based on the results of our explorative study we next evaluated EV
levels of the four surface antigen combinations on EVs in a large
validation study, additionally including several cancer cohorts as
negative control, that is, hepatocellular carcinoma (HCC), colorec-
tal carcinoma (CRC) and non-small cell lung carcinoma (NSCLC) and
patients with cirrhosis. Patient characteristics can be obtained from
Table 1. Sample preparation of patient serum and analysis of EV sur-
face antigens were performed as described in the explorative study.
EV levels of the individual cohorts can be obtained from Figure Sé.
The group analysis between healthy donors, patients with cirrhosis,
biliary cancer (GbCA and CCA), HCC and non-biliary cancer (HCC,
CRC and NSCLC) entities revealed that EV levels were significantly
elevated in biliary cancers as compared to every control group in all
four EV populations (Figure 3A,C,E,G). In detail, AnnV'CD133*gp38™*
EV levels of biliary cancer patients were 3.0-fold increased com-
pared to healthy controls (P < .01; biliary CA: median 24.3, healthy
CTRL: median 8.2), 3.2-fold increased compared to HCC subjects
(P < .001; HCC: median 7.7) and 3.6-fold increased compared to
non-biliary cancer patients (P < .001; non-biliary CA: median 6.7)
(Figure 3A). AnnV'EpCAM*CD133%*gp38* EV levels of biliary cancer
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patients showed a 2.2-fold elevation as compared to healthy con-
trols (P < .01) and non-biliary cancer patients (P < .001), respectively
(biliary CA: median 12.3, healthy CTRL and non-biliary CA: median
5.5, respectively), and a 1.9-fold elevation as compared to HCC pa-
tients (P < .001; HCC: median 6.4) (Figure 3C). AnnV'CD44v6" EV
levels of biliary cancer patients were 2.2-fold elevated compared to
healthy controls (P < .001; biliary CA: median 65.4, healthy CTRL:
median 29.5), 2.9-fold elevated compared to HCC subjects (P < .001;
HCC: median 22.4) and 2.3-fold elevated compared to non-biliary
cancer patients (P < .001; non-biliary CA: median 28.5) (Figure 3E).
AnnV*CD44v6*CD133" EV levels of biliary cancer patients showed

a 2.4-fold increase as compared to healthy controls (P < .01; biliary

CA: median 23.8, healthy CTRL: median 9.9), a 3.7-fold increase as
compared to HCC subjects (P < .001; HCC: median 6.5) and a 4.2-
fold increase as compared to non-biliary cancer patients (P < .001;
non-biliary CA: median 5.7) (Figure 3G). Considering the clinical
importance of differential HCC/CCA diagnosis, ROC curves for all
four EV populations were computed showing diagnostic AUC values
ranging from 0.68 to 0.81 for biliary CA vs HCC (Figure 3A,C,E,G).
We additionally evaluated the potential of EV profiling to differen-
tially diagnose the biliary cancers GbCA and CCA (data not shown)
but obtained no discriminatory findings. Furthermore, EV profiling
did not yield a significant discrimination between CCAs of intra- or
extrahepatic origin (Figure 3B,D,F,H).

FIGURE 3 Validation study - CD133, gp38, EpCAM and CD44vé6 positive extracellular vesicles are comprehensive biomarkers

for biliary cancer. EVs were isolated and characterized by FACS from serum of indicated cancer patients and healthy donors.
Corresponding gating strategy and isotype controls are provided in Figure S5 and summarized patient characteristics can be found in
Table 1. A, AnnV*CD133*gp38* EV profile for biliary (biliary CA) and non-biliary cancer patients (non-biliary CA) as well as for negative
controls (HCC, cirrhosis and healthy CTRL).'Biliary CA’ combines GbCA and CCA patients. ‘Non-biliary CA’ comprises the cancer
cohorts HCC, CRC and NSCLC. EV values for the individuals cohorts can be found in Figure S6. Data shown represent medians with
interquartile range (IQR), whiskers represent 1.5 x IQR (Tukey) with outliers plotted as dots. (a) depicts the corresponding ROC curve
for AnnV*CD133%gp38™ EVs including AUC and P values as well as the diagnostic cut-off for biliary CA vs HCC. EV profile for the
populations AnnV'EpCAM*CD133%gp38* (C), AnnV'CD44v6" (E) and AnnV*CD44v6*CD133" (G) and their corresponding ROC curves
(c, e, g, respectively) are depicted. Dotted lines indicate diagnostic cut-offs for discrimination between biliary CA and HCC for the
respective EV population (see Table 2). Statistical significance was assessed by Kruskal-Wallis nonparametric test with 3 df followed by
Dunn's Multiple Comparison post hoc test (P < .05). AnnV*CD133gp38" (B), AnnV'EpCAM*CD133%gp38" (D), AnnV'CD44v6" (F) and
AnnV'CD44v6"'CD133" (H) EV profiles of intra- and extrahepatic CCA within the total CCA cohort are shown. Statistical significance was
assessed by two-tailed Mann-Whitney U tests with P < .05 considered statistically significant (* =P < .05, ** =P < .01, *** = P < .001)
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3.6 | Combining AFP and EV surface screening
yields a diagnostically powerful biomarker for biliary
cancer diagnosis as compared to HCC

Next, we addressed the question if our antigen combinations
could be of diagnostic benefit when combined with other serum
tumour markers that are already under investigation, especially in
the context of differential HCC and CCA diagnosis. Therefore, we
correlated serum AFP values, a serum tumour marker widely in-
vestigated in HCC diagnosis and surveillance, with serum EV lev-
els of all four combinations for HCC and biliary cancer patients.
Computed r-values (Spearman) ranging from -0.17 to 0.24 for HCC
subjects and from -0.13 to 0.08 for biliary cancer patients revealed
no significant correlation (P > .05) between the two parameters
(Figure 4A). Consequently, AFP and EV levels can be considered as

HCC vs. AFP

two independent biomarkers. In a following step we evaluated the
diagnostic performance of the two markers separately and in a com-
bined approach by calculating sensitivity, specificity and positive and
negative predictive values (Table 2). To assess the diagnostic poten-
tial of progenitor cell-derived EV populations (AnnV*CD133*gp38*
and AnnV'EpCAM*CD133*gp38" EVs) and tumour-associated EV
populations (AnnV'CD44vé" and AnnV'CD44v6*'CD133" EVs) for
detecting biliary cancers individually, we combined the respective
EV populations into two separate cohorts and compared the results
to serum AFP levels for each cohort. For combined analysis of AFP
and EV populations biliary cancer patients were considered positive
if they fulfilled the requirements for at least one of the parameters,
for example, AFP below 20 ng/mL or EV levels above the respec-
tive cut-off or both, and vice versa for patients with HCC. Twenty

ng/mL represents the screening cut-off for HCC surveillance as

biliary CA vs. AFP
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FIGURE 4 Combined analysis of AFP levels and EV profiling reliably discriminates HCC from biliary cancer. A, Correlation between
AFP levels and EV counts from different populations for HCC (left panel) or biliary CA patients (right panel) are depicted. Two-tailed
Spearman's correlation (r), P values and cohort sizes (n) are indicated for each population. B, Displayed are AFP values for HCC and

biliary CA patients. In the left panel all patients with EV profiles for

progenitor cell-associated EV populations (AnnV'CD133*gp38* and

AnnV'EpCAM*CD133%gp38") are included, whereas in the right panel all patients with EV profiles for tumour-associated EV populations

(AnnV*CD44vé6" and AnnV'CD44v6"CD133%) are included. Indicate
patients (AFP < 20 ng/mL) but can positively be identified as HCC b

din red are patients that based on AFP levels are not classified as HCC
y AnnV*CD133%gp38* EVs (left panel, EVs < 10.43) or AnnV'CD44v6"*

EVs (right panel, EVs < 34). Indicated in blue are biliary CA patients that are not classified as such according to AFP levels (AFP > 20 ng/
mL) but can be identified as biliary CA by AnnV'CD133*gp38* EVs (left panel, EVs > 10.43) or AnnV'CD44vé" EVs (right panel, EVs > 34).

Corresponding diagnostic values can be found in Table 2. Dotted lin

e indicates diagnostic cut-off of 20 ng/mL for AFP. Statistical significance

was assessed by two-tailed Mann-Whitney U tests with P < .05 considered statistically significant (* = P < .05, ** =P < .01, *** = P < .001,

n.s. = non significant)
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TABLE 2 Diagnostic performance of the indicated EV populations individually and combined with AFP in biliary cancers (GbCA and CCA)
as compared to HCC. Depicted are diagnostically relevant cut-offs (AFP: ng/mL, EVs: number per 10% AnnV* EVs) as well as sensitivities,
specificities, positive (PPV) and negative predictive values (NPV). n indicates cohort size, (*combined AUROC were not calculated)

Progenitor cell-associated EVs

(biliary CA: n = 73, HCC: n = 59) AUROC P-value Cut-off Sensitivity [%] Specificity [%] PPV [%] NPV [%]
AnnV*'CD133%gp38"* 0.74 <.0001 10.43 72.6 59.3 68.8 63.6
AnnV'EpCAM*CD133"gp38* 0.68 <.0001 7.83 71.2 59.3 68.4 62.5
AFP 0.89 <.0001 20.00 98.6 54.2 72.7 97.0
AFP and AnnV'CD133"gp38* * * 20.00 and 10.43 100.0 76.3 83.9 100.0
AFP and * * 20.00 and 7.83 100.0 76.3 83.9 100.0
AnnV'EpCAM*CD133%gp38*
Tumor-associated EVs (biliary CA:
n=60,HCC:n=29) AUROC P-value Cut-off Sensitivity [%] Specificity [%] PPV [%] NPV [%]
AnnV'CD44v6* 0.81 <.0001 34.00 91.7 69.0 85.9 80.0
AnnV'CD44v6°CD133* 0.75 <.0001 10.24 81.7 58.6 80.3 60.7
AFP 0.95 <.0001 20.00 98.3 79.3 90.8 95.8
AFP and AnnV*'CD44v6* * * 20.00 and 34.00 100.0 100.0 100.0 100.0
AFP and AnnV'CD44v6*CD133" * * 20.00 and 10.24 100.0 96.6 98.4 100.0

recommended by the AASLD and EASL Clinical Practice Guidelines
for the Management of Hepatocellular Carcinoma.?”-?® For biliary
cancer diagnosis, progenitor cell-associated EV populations showed
sensitivities ranging from 71%-73% and positive predictive values
(PPVs) of 68%, respectively, while specificities (59%, respectively)
and negative predictive values (NPVs; 63%-64%) were less diag-
nostically relevant. AFP as a tumour marker by itself achieved very
good diagnostic values with 98.6% sensitivity and a NPV of 97%,
although lacking in specificity (54.2) and PPV (72.7%). Interestingly,
by combining AFP and progenitor cell-associated EV levels, sensitiv-
ity and NPV were increased to 100%, respectively, while simultane-
ously increasing specificity to 76.3% and PPV to 83.9%. In respect to
tumour-associated EV populations in biliary cancer diagnosis, they
showed a better diagnostic performance than progenitor cell-asso-
ciated EVs (sensitivities: 81.7%-91.7%, specificities: 58.6%-69.0%,
PPVs: 80.3%-85.9%, NPVs: 60.7%-80.0%) and were only slightly
surpassed by the diagnostic values for AFP in this cohort (sensitivity:
98.3%, specificity: 79.3%, PPV: 90.8%, NPV: 95.8%). Interestingly,
sensitivity and NPV could be increased to 100%, when combining
AFP levels with AnnV'CD44v6"CD133"* EVs, while simultaneously
specificity and PPV reached very good diagnostic values of 96.9%
and 98.4% respectively. Most importantly, sensitivity, specificity,
PPV and NPV all achieved 100%, when combining AFP levels with
AnnV*'CD44v6" EVs.

In Figure 4B AFP values of HCC and biliary cancer patients are
displayed, separated into the two EV population cohorts (progenitor
cell- or tumour-associated). It represents an illustration of the diag-
nostic values obtained in Table 2 and indicates patients that, based
on AFP values, could additionally be identified as patients with HCC
(red) or as biliary cancer patients (blue) by AnnvV*CD133*gp38* EVs
(left panel) and AnnV*CD44vé"* EVs (right panel), thus highlighting

the benefit of a combined analysis. Furthermore, we investigated, if

combining CA19-9, a proposed tumour marker for bilio-pancreatic
cancer diagnosis,?? and our EV populations in the same manner as
with AFP could be of diagnostic benefit but did not obtain better
results (data not shown). Additionally, we evaluated if EV levels cor-
related with TNM stage or extent of metastatic spread of HCC and
biliary tumours but did not observe any significant correlations (data

not shown).

4 | DISCUSSION

Recently, we showed that a minimally invasive, liquid biopsy-based
approach involving large EVs is advantageous for detecting hepa-
tobiliary malignancies, however, without being able to discriminate
between them.® Here, in this subsequent study the potential of large
EVs as a diagnostic biomarker for biliary cancer was investigated,
in order to detect and differentiate between those malignancies.
Except for ultrasonography (US) in patients suffering from gallstones
as a possible indication for a given GbCA risk, early detection pre-
sents difficult.??-3? Furthermore, GbCA diagnosis often only occurs
incidentally during pathological assessment of routine cholecystec-
tomy specimens due to benign diseases such as gallstones.33 Hence,
biliary cancers are highly fatal diseases, characterized by high mor-
tality and poor 5-year survival rates.> Therefore, several specialist
societies such as ENS-CCA and ESMO are strongly in favour of de-
veloping new tools for (early and specific) biliary cancer diagnosis.??

Podoplanin, alias gp38, is a novel yet not completely understood
player in tumour immunology, tumour progression and recurrence
besides being a liver progenitor cell marker.?%223435 Since hepatic
progenitor cells are activated in most chronic liver diseases and ap-

36

parently are associated with hepatic carcinogenesis,”® increasingly

appearing liver progenitor cells during chronic hepatic inflammation
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could potentially reveal the presence of hepatobiliary cancers. These
liver progenitor cells were typically identified as double positive for
CD133 and podoplanin.?! Furthermore, podoplanin is regarded as a
potential marker for tumour-initializing cells (TICs) with stem cell-like
properties, defined by their self-renewal, differentiation and tumour
initiation capacities.37 EpCAM is highly overexpressed and associ-
ated with various cancer entities in regard to cancer prognosis and
cancer targeting.38 We reported its feasibility as part of a diagnostic
biomarker combination on large EVs.8”%" Moreover simultaneous
expression of EpCAM and CD133 has been found to be strongly in-
creased in biliary cancer and to be related to progression, invasive
and metastatic behaviour and prognosis.*®

Since both CD44vé6 as well as CD133 are well-established tu-
mour stem cell and cancer markers for gallbladder carcinoma, CCA
and other cancers, their single as well as combined expression on
EVs was additionally of interest.*** Antigen expression analy-
ses on CCA cell line-derived EVs and CCA and HCC cell lines sup-
ported our hypothesis of gp38, CD133, EpCAM and CD44vé being
suitable markers (Figure 1A,B; Figure S1), hence we tested the in-
dicated EV antigen combination being simultaneously positive for
these. The human cancer cell line expression profiles indicated that
CD44v6 might be of interest for CCA and HCC differentiation, since
CD44v6 was highly differentially expressed on the investigated
CCA and HCC cell lines (Figure 1B). The murine data suggested that
CD133*gp38* and EpCAM*CD133%gp38* progenitor cell subsets as
well as CD44" and CD44*CD133" tumour-associated subsets in fact
were detectable under steady state conditions in varying amounts in
murine liver, gallbladder, lung and colon (Figure 1D,E). Interestingly,
murine gallbladder showed the highest expression of double positive
CD44*CD133" cells, which is consistent with the finding that these
double positive primary human gallbladder carcinoma cells displayed
cancer stem cell-like characteristics, highlighting their important role
in gallbladder carcinogenesis.*> Although not every marker combi-
nation was detectable in every organ, one has to keep in mind that
a lack of expression in a healthy mouse model does not necessarily
correlate with expression levels in a tumour environment. Our hy-
pothesis of the benefit of the proposed progenitor cell-associated
and tumour-associated EV populations for hepatobiliary cancer
diagnosis was further supported by our explorative study, reveal-
ing significantly elevated EV levels in 10 patients with biliary can-
cer as compared to 10 healthy controls for all four combinations
(Figure 2A-D). In a next step, we verified our preliminary results in a
large validation study associated with the needed power to be con-
clusive and additionally including several cancer cohorts as negative
controls, namely HCC, CRC and NSCLC. The group analysis between
healthy donors, HCC, non-biliary cancer and biliary cancer entities
showed that AnnV'CD133*gp38*, AnnV'EpCAM'CD133*gp38*
AnnV'CD44vé" and AnnV'CD44v6*CD133" EVs all were signifi-
cantly elevated in biliary cancers and remained low in the indicated
negative controls (Figure 3A,C,E,G). Except for CD44vé singular
expression profile analysis of CD133, EpCAM and gp38 on EVs
were not beneficial (data not shown). With an AUC value of 0.81
AnnV'CD44vé" EVs were the most powerful biomarker for biliary

cancer detection in this study. Our observation that patients with
biliary cancer display elevated levels of AnnV'CD44v6" EVs is
consistent with previous findings that demonstrated by immuno-
histochemistry and real time PCR, that CD44vé is not detected in
healthy gallbladder mucosa, but strongly expressed in GbCA.*¢ High
CD44vé" EV levels in both GbCA and CCA concur with observa-
tions that linked increased CD44vé expression in biliary epithelium
of both gallbladder and bile ducts to cancer progression.*’” We have
to note that our selected EV antigens were not capable of distin-
guishing between intra- and extrahepatic CCA and between GbCA
and CCA. This might be due to the fact that there exists a more opti-
mal EV antigen combination for these discriminations, but we doubt
that any EV surface antigen or antigen combinations will have the
needed sensitivity to differentiate between intra- and extrahepatic
CCA. From the surface antigenic view we do not expect any differ-
ences caused by a different location of the primary CCA tumour. We
suppose that intra-vesicular differences on protein, MRNA or miRNA
levels might be noticeable due to an environment-depending inter-
action of the EV donor CCA cells.

Next the question arose, if our EV-based phenotyping could
be improved and if synergistic effects could be observed by tak-
ing advantage of other serological screening markers such as AFP
(Figure 4). AFP is a widely investigated serum tumour marker for
HCC, whose use for diagnostic purposes is not recommended by the
AASLD and EASL Clinical Practice Guidelines for the Management
of Hepatocellular Carcinoma, whereas it has proven beneficial for
HCC surveillance at a cut-off of 20 ng/mL.2”28 In contrast to the rec-
ommendations of the AASLD/EASL guidelines, serum AFP levels by
itself, at a cut-off of 20 ng/mL, showed a diagnostic capacity for dif-
ferentially diagnosing HCC and biliary cancers in this study, surpass-
ing the performance of our investigated EV populations (Table 2).
However, importantly, the diagnostic performance of AFP could be
enhanced, when combined with EV levels, especially when combin-
ing it with the tumour-associated EV populations AnnV*CD44v6*
and AnnV'CD44v6'CD133". Remarkably, the combination of
AnnV*CD44vé6* EVs and AFP values led to a perfect separation of
biliary cancer and HCC patients, with sensitivity, specificity, PPV
and NPV all achieving 100%. Biliary cancers are commonly associ-
ated with low AFP levels. Except for one patient, this observation
was confirmed in our study. The patient in question might display
a mixed hepatocellular cholangiocarcinoma, which would explain
the slightly elevated AFP levels. According to the AASLD and EASL
Clinical Practice Guidelines HCCs cannot reliably be detected by

2728 \yhich was confirmed in our study. However,

AFP values alone,
depending on the EV population added to the analysis, all or al-
most all previously undetected HCCs with low AFP values could be
correctly diagnosed. Thus, our synergistic approach illustrates the
benefit of adding EV levels to AFP-based diagnosis. It might have
particular clinical relevance for differential hepatobiliary cancer de-
tection and should be followed up by a large multi-centre study. A
current alternative serum biomarker for biliary cancer diagnosis as
proposed by the ESMO Clinical Practice Guidelines is CA 19-92? but

it is associated with low sensitivity and specificity of 62% and 63%,
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3248 and is not suitable to discriminate between cancer

respectively,
entities. Several serum biomarkers and metabolites have been iden-
tified as potential candidates for minimal invasive discrimination of
HCC and intrahepatic CCA'®*? but until now no liquid biopsy marker
achieving a better clinically useful performance exists underlining
the relevance of our study in terms of hepatobiliary cancer manage-
ment. Moreover screening EVs offers a cheap, minimally invasive
technique to detect cancer, while causing minimum distress to the
patient. To perform an EV liquid biopsy screen only a small blood
sample is required. For most patients, drawing blood is an uncriti-
cal and acceptable procedure. It requires minimum equipment and
is performed quickly without special need for long medical observa-
tion afterwards. Therefore, EV profiling represents a potent tool for

early cancer screening as discussed by others and us.”1¢%’

5 | CONCLUSION

In summary, our study provides valuable data arguing that EV phe-
notyping together with AFP assessment is a powerful diagnostic bio-
marker in detection and differentiation of hepatobiliary cancers. We
presented four EV surface antigen combinations that confidently dif-
ferentiated between patients with biliary cancer and HCC and whose
performance could even be enhanced by combined AFP measure-
ments. Considering the results of this and other studies, liquid biopsy-
based differential diagnosis of hepatobiliary cancers might be in reach.
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