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Abstract

Circulating DNA in the bloodstream has been studied since the 1940s, leading to its identification as a possible early marker
for the presence of a primary tumor. Recently, it has been more successfully employed in liquid biopsies to determine the
early presence of a metastatic tumor arising after chemotherapy, radiotherapy, and surgery. The appearance of such circulat-
ing tumor DNA permits the identification of the metastatic tumor before it is detected by either palpation or radiological
analysis. Nevertheless, the liquid biopsy may possibly be affected by the removal of circulating tumor DNA via the kidneys
and spleen as it is released. Furthermore, the liver removal of cell-free DNA has not yet been considered to be involved
in this process. Here, we review the literature on the removal of free single- and double-stranded DNA and nucleosomal,
vesicular, and exosomal DNA via the liver and examine its possible impact on circulating DNA levels. The removal of all
forms of DNA by the liver, together with that removed by the kidneys and spleen, may delay the timing of positive results
from liquid biopsies.

The liver is capable of removing free single- and double- DNA fragments circulating in the blood stream have been
stranded DNA and nucleosomal, vesicular, and exosomal studied for over 40 years as possible early diagnostic mark-
DNA. ers for the presence of a primary tumor, but with little suc-

cess [1]. However, circulating DNA (cirDNA) has been more
successfully employed in noninvasive liquid biopsies, blood
samples of 2—5 ml taken from patients. These are currently
used to determine the presence of genetic markers for fetal
chromosome disorders, e.g., Down syndrome in the first
trimester of pregnancy, replacing invasive amniocentesis
[2]. Importantly, Thierry et al. [3] presented data showing
increased circulating tumor DNA (ctDNA) with increasing
tumor burden in a SW620 xenografted mouse model. This
led to the early detection of the presence of a tumor DNA
released by both primary tumors [4, 5] and secondary meta-
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test involved with the identification of BRCAI and BRCA2
mutations in patients with ovarian cancer eligible for ruca-
parib treatment. In addition, the FDA also approved ALK
rearrangements in patients with non-small-cell lung cancer
offered alectinib treatment and mutations in the PIK3CA gene
in patients with breast cancer treated with alpelisib. Further-
more, the Guardant360 CDx test for EGFR exon 19 deletions,
mutant L858R, and mutant T790M were approved as mark-
ers for patients with non-small-cell lung cancer treated with
osimertinib.

However, it appears that the liver [17-27], kidneys [28, 29],
and spleen [30, 31] can remove part of the cirDNA containing
possible tumor markers, possibly further affecting the timing
of the appearance of detectable ctDNA in liquid biopsy.

Here, we consider the indications that the liver may remove
a sufficiently important fraction of cirDNA, including ctDNA,
so as to have an impact upon the timing of the identification
of the presence of secondary metastatic tumors and hence, a
delay in new treatment.

2 Released DNA—Free DNA

The cirDNA can be derived through various cellular and tissue
processes, including apoptosis, necrosis, pyroptosis, ferropto-
sis, NETosis, sepsis, mitochondrial DNA release, hemopoietic
cell release, vesicles, e.g. exosomes and virtosomes, the release
of transposons and retrotransposons, and the presence of bacte-
rial and viral DNA in healthy individuals [1, 32, 33]. Of this
variety of cfDNA sources, apoptosis is considered to be the
main source [34].

One apoptotic cell can shed millions of nuclear DNA frag-
ments into the extracellular environment, ~36 x 10° fragments
with a mean of 167 base pairs [35], of which two fragments
can be mutant [36]. Hence, for example, if 108 cells are present
in 1 g of tumor, the bulk of the cirDNA will be of non-tumor
origin, leading to the conclusion that there are only a very
small number of mutant fragments present in the cirDNA [37].
This would represent the lower limit of being able to identify
ctDNA released from an as-yet non-palpable and non-radio-
logically identified tumor of < 1.0 g. Moreover, asymptomatic
or very small tumors will release very low amounts of cell-free
DNA (cfDNA), considered insufficient for an accurate DNA
analysis [37].

The ctDNA so released can be present in a number of
forms, namely, pieces of either single-stranded DNA (ssDNA)
or double-stranded DNA (dsDNA) or nucleosomes.

A\ Adis

3 Transported DNA—Extracellular Vesicles
and Exosomes

It is now clear that the cfDNA circulates in blood in both
extracellular vacuoles (EVs) and a non-vacuolar form as
well as nucleosomes. For the vacuolar cfDNA, it has been
estimated that, in healthy individuals, as much as 90% of
cfDNA can be present in EVs, leaving some 10% in a non-
vacuolar form [38]. The cfDNA found with the exosomal
fraction may also be attached primarily to the external sur-
face of exosomes (ExV). However, this calculation omits
the nucleosomal DNA since nucleosomes would have been
excluded from the assessment during the isolation of the
Exs. Nevertheless, Exs would appear to contain a substan-
tial proportion of the cfDNA including ctDNA.

A parallel analysis does not appear to have been per-
formed on ctDNA from patients with cancer, though it is
possible to suggest that the result will be similar since much
of the cfDNA is considered to be released from both healthy
and cancer cells in the form of vesicles [39]. Jeppesen et al.
[40] questioned the cfDNA content of ExVs, arguing that
highly purified ExVs do not contain cfDNA but that it is
preferentially released in an alternative group of larger
microvesicles. Hence, the cfDNA, in all its formats, found
in either serum or plasma, will be present as either circulat-
ing tumor cells or vacuolar cfDNA or non-vacuolar cfDNA
or large oncosomes or apoptotic vesicular cfDNA [38, 41].
It is now questionable that ExVs contain cfDNA as opposed
to the DNA attaching to the outer exosomal surface as dis-
cussed [40, 42]. Nevertheless, ExVs have been shown to
contain a variety of molecules, including genomic DNA
(100 base pairs; 17 kilobase pairs).

ExV DNA will be important in the identification of a
specific cancer and the timing of the appearance of metas-
tases via the liquid biopsy procedure [43—-46]. Thus, given
that nucleosomes are not present in ExVs, the extraction of
cfDNA from either plasma or serum would be preferential
and can be done via a total DNA extraction procedure
from either the whole serum or plasma rather than just the
isolated ExVs/EVs. Specific DNA extraction kits are com-
mercially available for this purpose. Basing liquid biopsy
solely on ExVs may be unwise because of the omission of
nucleosomal-derived cf/ctDNA.

4 Hepatic Clearance

4.1 The Liver and Blood Flow

Approximately 1.5 L of blood flows through the liver
every minute. Since the average human blood volume is
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~5 L, the total volume of blood passes through the liver
in 3—4 min [47] and therefore will flow through the liver
some 350 times daily. This means that the total ctDNA
will be continuously exposed to the liver, presenting it
with a regular opportunity to remove ctDNA and other
cirDNA that has not already been removed by the spleen
[31], the gastrointestinal tract, placenta [30], or the kid-
neys [28, 29]. The major liver cell types responsible for
the removal of cirDNA, including ctDNA, are Kupffer (K)
cells and sinusoidal endothelial (E) cells, and—to a lesser
extent—the parenchymal hepatocyte cells that make up
the largest liver cell population.

K cells are resident macrophages localized within
the lumen of the liver sinusoids and adhering to the E
cells lining the blood vessel walls. Kinoshita et al. [48]
grouped K cells into four populations based upon surface
markers. Those bearing either F4/804+ CD68+ or F4/80+
CD11b+ showed higher phagocytic activity, whereas
those bearing either F4/80+ CD11b+ or F4/80+ CD68-
surface markers, on lipopolysaccharide stimulation,
yielded a higher intensity of tumor necrosis factor and
interleukin-12. Sinusoidal E cells constitute a permeable
interface between the blood cells and the hepatocytes.

4.2 DNA Removal from Blood by the Liver

As further discussed in the following sections, the liver
has been demonstrated to actively remove circulating
cfDNA, i.e., single-stranded free DNA (ssfDNA) and
double-stranded free DNA (dsfDNA), from the blood
stream of experimental mammals.

In addition, nucleosomes may also be removed. If this
cfDNA removal is extrapolated to humans, there should
be a direct effect on the serum/plasma DNA levels circu-
lating in both healthy and unwell individuals, including
those with cancer, given the speed of the circulation of
the total blood volume through the liver [47].

The cfDNA fragments form a range of sizes, with
the bulk being in the range of 60-400 bp in the case of
dsfDNA derived from patients with colorectal cancer,
with a good proportion being in the range of 60—-150 bp
[49].

Thus, although current methods permit the identifica-
tion of even single DNA fragments, and that, initially,
the level of relevant DNA is small, any removal from the
blood stream by the liver of such tumor-related cfDNA
may result in a delay to the first indication of a metastasis.

In considering the role of the liver in the removal of
serum/plasma cfDNA forms, the importance of K cells
and E cells in this process are discussed.

4.2.1 Nucleosome Removal

Gauthier et al. [18] studied the fate of isolated mononu-
cleosomes in normal C57BI/CJ mice [18]. The amounts
injected were given as nucleosomal DNA levels. Thus,
post-injection, nucleosomes were rapidly removed from the
circulation when doses of <11 pg DNA were employed.
However, increasing the number of nucleosomes injected
(11-85 pug DNA) led to a reduction in the rate of removal
because of a saturation of K cells. Indeed, the shapes of the
curves for amounts > 11 pg are typical of a nonlinear kinetic
mechanism for saturation, indicating that K cells alone are
not enough to eliminate all DNA, resulting in an increase in
the elimination half-life.

When working with the lower level of injected nucle-
osomes, the liver accounted for the removal of 71.0-84.7%
from the circulation within 10 min, with only a small per-
centage (0.52 + 0.15%) of the nucleosomes localized in the
kidneys. Interestingly, concurrent injection of dsfDNA and
nucleosomes resulted in a sixfold reduction in nucleosomal
clearance, implying that the dsfDNA was preferentially
removed with respect to the nucleosomes.

The hepatic removal of the nucleosomes was unlikely due
to the non-parenchymal cell population, K cell phagocytosis
being cited as a likely mechanism [17]. The role of the K
cells in nucleosome clearance was confirmed by Du Clos
et al. [19] through the presence of blood nucleosomal mate-
rial after a reduction of K cells and splenic macrophages
through treatment with dichloromethylene bisphosphonate.

An explanation for the results obtained by Gauthier et al.
[18] could be that the K cells completely phagocytosed the
nucleosomes at the lower levels employed but that, above 11
pg DNA, the higher levels of nucleosomes caused a satura-
tion of the phagocytic activity of the K cells.

4.2.2 Removal of Single-Stranded Free
and Double-Stranded Free DNA

DNA emanating from mitochondria and bacteria can be
considered as dsfDNA. However, there will be a limited
involvement of ssfDNA in either plasma or serum since it is
likely to be linked to either lipoprotein or protein structures
in one form or another. A number of the early studies on the
uptake of DNA were devoted to identifying the fate of both
dsfDNA and ssfDNA to determine the mechanisms to be
used in introducing genetic material into cells in vivo.
Uptake of DNA via the lysosomal system was identi-
fied early by Wattiaux et al. [21], who injected 100 ng
35S-dsfDNA intravenously into Wistar rats (300-350 g) that
were subsequently killed at intervals. Analysis of isolated
livers indicated that ~60% of the *>S-dsfDNA was present
after 5 min, with a reduction to ~45% at 30 min and to ~20%
at 2 h. After homogenization and differential centrifugation

A\ Adis



680

S. Khier, P. B. Gahan

followed by iso-picnic centrifugation, radioactivity was
found to be associated with the sedimentable fractions. Since
radioactivity was associated with the hydrolytic activity of
caspase C, it implied the presence of 3°>S-dsfDNA in the
lysosomal and endosomal fractions. Treatment with Triton
WR1339 permitted the distinction between the two frac-
tions, indicating one to be the lysosomal fraction and the
other the precursor endosomal fraction. These authors did
not identify the cell types involved, but since there was also
labeling of the nuclear fraction, it was considered likely
that the hepatocytes were also involved. A delayed entry,
but not a blockage, of the 35S-dsfDNA into the lysosomes
through a parallel treatment with an artificial cationic lipid,
N-(1-(2,3-dioleoyloxy)propyl)-N,N,N,-trimethylammonium-
sulphate (DOTAP), resulted in a greater percentage of the
35S-DNA entering the nuclei. Thus, a proportion of the
DNA entering hepatocytes can be destroyed by the lysoso-
mal system. Using both transmission electron microscopy
autoradiography (TEM-ARG) and biochemical analyses,
Emlen and Mannik [22] showed that the uptake of ssfDNA
in liver perfusion studies resulted in the attachment of the
ssfDNA to specific DNA-binding sites on the surfaces of
both K cells and parenchymal E cells [22]. No radioactiv-
ity was associated with the hepatocytes. The TEM-ARG
of the K cell presented showed a number of small vesicles
along the periphery of the cell with silver grains that could
be associated with them rather than just the cell membrane
surface. This would imply that the ssfDNA had entered the
lysosomal pathway for destruction. However, on flushing
the livers with an anti-DNA enzyme, deoxyribonuclease
(DNAse), the radioactivity associated with the liver was
rapidly eliminated, suggesting a proportion of the DNA was
cell surface associated. This could involve DNA binding to
surface receptors for DNA on both E and K cells. Since
blood contains DNAase [23], the surface-bound DNA could
be readily broken down. A comparative study of the uptake
and removal of ssfDNA and dsfDNA by the liver showed
that the ssfDNA was more readily taken up and its break-
down products excreted at a faster rate than that of dstfDNA
[22, 24-26], all different fragment sizes being removed at
similar rates [22].

Importantly, Chia et al. [24] also determined whether
or not the catabolic pathways for DNA metabolism could
become saturated following daily intravenous injections of
mice with 100 pg of either ssfDNA or dsfDNA for 5 days.
This was followed by injection of radio-labeled homolo-
gous DNA followed by the determination of blood and
organ DNA levels. No differences were observed between
the treated and untreated control animals, i.e., the liver
did not become saturated with respect to the breakdown
of DNA. In contrast, Emlen and Mannik [22] showed that
the ssfDNA uptake by the liver was saturable in parallel
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with the clearance of the blood. They argued that a sud-
den release of a large amount of DNA into the blood could
result in the saturation of the liver system and lead to the
presence of high DNA amounts in the blood. However, this
does not appear to be the case for cfDNA.

Using plasmid DNA (pDNA), Kobayashi et al. [27] also
found that the liver system could be saturated. In addition,
they showed that pDNA was taken up essentially by the
E cells, with such uptake not affected by K-cell blockade
with gadolinium chloride.

4.2.3 Extracellular Vesicle Removal

Of interest is the possible role that K cells might play in
the removal of at least some of the EVs and hence the
DNA and the mitochondria either contained therein or, in
the case of the ctDNA, possibly surface attached.

Imai et al. [20], who used B16BL6 Exs labeled with
PKH26, a lipophilic fluorescent dye, showed that they
were taken up by macrophages in the liver and spleen but
not in the lungs, where they were taken up by E cells.
Interestingly, if the liver K cells were depleted by an
injection of clodronate-containing liposomes followed by
an injection of BI6BL6 Exs labeled with PKH26, clear-
ance of the EVs from the blood was much slower than in
untreated mice, i.e., in the absence of most of the K cells.
Injections of 1.25, 2.5, and 5 ug of Exs in untreated mice
resulted in their total clearance. The serum concentration
of Exs in macrophage-depleted mice was 285 times that
of the untreated mice.

5 Conclusions

Methods are available that permit the detection of sin-
gle mutant ctDNA (mut-ctDNA) fragments via liquid
biopsy [50, 51]. There may be low levels of such ctDNA
in a liquid biopsy, and there can be a long period between
removal of the primary tumor and the first appearance of
metastases-generated ctDNA fragments [1]. Part of this
delay can be due to the newly initiated metastasis releas-
ing ctDNA that includes some mut-ctDNA fragments and
that will be available for removal by the liver. Therefore,
as more ctDNA is released, either as ctDNA or as circu-
lating exosomal DNA, a proportion will be continuously
removed by the liver, including the mutated fragments,
so delaying the appearance of enough mut-ctDNA to per-
mit the identification of a tumor presence and hence to
commence treatment. The degree to which this is the case
could depend upon the growth rate of the metastatic tumor.
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