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ABSTRACT

In view of the escalating need for autologous cell-based therapy for treatment of liver diseases,
a novel candidate has been explored in the present study. The monocytes isolated from hepa-
titis B surface antigen (HBsAg) nucleic acid test (NAT)-positive (HNP) blood were differentiated
to hepatocyte-like cells (NeoHep) in vitro by a two-step culture procedure. The excess neutro-
phils present in HNP blood were removed before setting up the culture. In the first step of cul-
ture, apoptotic cells were depleted and genes involved in hypoxia were induced, which was
followed by the upregulation of genes involved in the c-MET signaling pathway in the second
step. The NeoHep were void of hepatitis B virus and showed expression of albumin, connexin
32, hepatocyte nuclear factor 4-a, and functions such as albumin secretion and cytochrome
P450 enzyme-mediated detoxification of xenobiotics. The engraftment of NeoHep derived from
HBsAg-NAT-positive blood monocytes in partially hepatectomized NOD.CB17-Prkdcscid/J mice
liver and the subsequent secretion of human albumin and clotting factor VII activity in serum
make NeoHep a promising candidate for cell-based therapy. STEM CELLS TRANSLATIONAL

MEDICINE 2016;5:1–13

SIGNIFICANCE

This is the first report in which normal hepatocyte-like cells have been generated from blood mono-
cytes of hepatitis B virus-infected patients without the introduction of any exogenous genetic mate-
rial. These monocyte-derived hepatocyte-like cells possess cytochrome P450 enzyme cascade,
suggesting their potential application in a drug-screening system. Most important, it opens up pos-
sibilities for the autologous hepatocyte-like cell transplantation to support liver functions during the
acute conditions of viral hepatitis.

INTRODUCTION

The liver is the largest internal organ, which
serves functions such as uptake, metabo-
lism, and elimination of nutrients, xenobiotics,
and endogenous toxins. It is one of the vis-
ceral organs having the unique property of
regeneration.

In some clinical conditions—namely, viral
hepatitis, chronic alcoholism, and autoimmune
disorders—the liver is damaged irreversibly
and fails to regenerate [1]. In such situations
the orthotropic liver transplantation or split
liver transplantation is one of the clinical rem-
edies available for treatment [2]. Limited
availability of donors and complications asso-
ciated with posttransplantation, such as the

risk of graft rejection, are the major drawbacks

of liver transplantation procedure.
Transplantation of cells such as human he-

patocytes [3] isolated from cadaveric liver is a
less invasive procedure than is organ transplan-
tation. In such allogenic transplantation, risk of
the manifestation of graft versus host disease
[4] is higher, which can be avoided only by autol-
ogous transplantation.

Although it is not possible to isolate hepato-
cytes from a compromised liver for autologous
transplantation, the extrahepatic cells—such as
hematopoietic stem cells, mesenchymal stem
cells, and healthy monocytes [5]—were able to
differentiate to hepatocyte-like cells to restore
liver functions in a murine liver disease model
[6]. In a typical clinical setting the isolation of a
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therapeutically significant number of stem cells from a diseased
individual may not be feasible. Therefore, an alternative source
for autologous extrahepatic cells capable of differentiating to
hepatocyte-like cells is highly desirable.

In the present study, monocytes were isolated from hepatitis
B surface antigen (HBsAg) and nucleic acid test (NAT) [7] positive
peripheral (HNP) blood collected from chronic hepatitis B individ-
uals. The monocytes were differentiated to generate reprog-
rammed monocytes (RM), followed by differentiating RM to
hepatocyte-like cells (NeoHep). The NeoHepwere also generated
from healthy blood to demonstrate the equivalence of healthy
and HNP NeoHep.

The NeoHep were investigated for the expression of
hepatocyte-specific markers, albumin secretion, hepatocyte
nuclear factor 4 (HNF4a), and connexin 32 expressions and cy-
tochrome P450 enzyme activity. The RNA sequencing (RNA-
Seq) of the monocytes, RM, and NeoHep generated from
both healthy and HNP monocytes was performed to analyze
the kinetics of this differentiation process at the transcript
level. The NeoHep were transplanted in partially hepatecto-
mized NOD.CB17-Prkdcscid/J (NOD SCID) mice, and their en-
graftment in the regenerated liver lobe and the secretion of
human albumin and clotting factor VII activity in serum were
investigated.

MATERIALS AND METHODS

The use of healthy human peripheral blood, HBsAg-NAT-
positive peripheral blood and buffy coat in the present study
was approved by the institutional human ethics committee
of the National Institute of Immunology. The experiment on
NOD.CB17-Prkdcscid/J (NOD SCID) mice was approved by the
institutional animal ethics committee of the National Institute
of Immunology.

Isolation of Peripheral Blood Mononuclear Cells

Anonymous samples of healthy and HBsAg-NAT positive hu-
man peripheral (HNP) blood were collected from adults
(18–55 years of age), and peripheral blood mononuclear cells
(PBMCs) were isolated by density gradient centrifugation.
Neutrophils, lymphocytes, natural killer cells, and other non-
monocytic cells were removed from the enumerated PBMCs
by two consecutive negative magnetic-assisted cell-sorting
selection procedures. Detailed steps are given in the supplemental
online data.

Cell Culture

Thedifferentiation ofmonocytes toNeoHepwas achievedby us-
ing a two-step differentiation protocol. In the first step, mono-
cytes were differentiated to “reprogrammed monocytes” (RM)
in the presence of basal Iscove’s modified Dulbecco’s medium
(IMDM; Thermo Fisher Scientific, Waltham, MA, https://www.
thermofisher.com), supplemented with interleukin-3, macro-
phage colony-stimulating factor (Prospec, Ness-Ziona, Israel,
http://www.prospecbio.com), b-mercaptoethanol (Sigma, St.
Louis, MO, https://www.sigmaaldrich.com), and 0.5% embry-
onic stem cell-grade fetal bovine serum (eFBS) (Biological Indus-
tries, Kibbutz Beit-Haemek, Israel, http://www.bioind.com).
After day 6, RM were differentiated to NeoHep in 15 days in
the presence of IMDM, supplemented with epithelial growth

factor (Prospec), hepatocyte growth factor (HGF), fibroblast
growth factor-4, linoleic acid (Sigma), and eFBS. Detailed steps
are given in the supplemental online data.

AbundanceofMonocyteandNeutrophils inHealthyand
HNP Blood-Derived PBMCs

One million PBMCs isolated from healthy and HNP blood were
incubated with phycoerythrin-conjugated CD14 and fluores-
cein isothiocyanate-conjugated CD66b (BD Biosciences, San
Jose, CA, http://www.bdbiosciences.com), according to the
manufacturer’s instructions. The cells were washed after incu-
bation with phosphate-buffered saline (PBS) and analyzed with
a flow cytometer. The abundance of CD14- (monocyte marker)
and CD66b- (neutrophil marker) positive cells was depicted in a
dot plot.

Annexin A5 Staining

Annexin A5 staining was performed using Annexin A5 apoptosis
detection kit (FITC Annexin V Apoptosis Detection Kit I; BD Bio-
Sciences). Detailed steps are given in the supplemental online
data.

Extraction of Genomic DNA and End-Point Polymerase
Chain Reaction

Genomic DNA from cells and viral DNA fromplasmawere extract-
ed with the MasterPure Complete DNA and RNA Purification Kit
(Epicentre, Madison, WI, http://www.epibio.com), according to
the manufacturer’s instructions. End-point polymerase chain re-
action (PCR) was performed with Phusion High-Fidelity PCRMas-
ter Mix (Thermo Fisher) to amplify amplicons specific to human
Gapdh, Hbsag, and Hbxag. The amplified amplicons were re-
solved in 3% agarose gel (Sigma).

Viral Load Determination

A region of conserved hepatitis B virus (HBV) genome sequence,
specific to hepatitis B surface antigen (HBsAg), was synthesized
as a positive control of known concentration. Serial dilutions of
synthesized standard oligonucleotides were made, and quanti-
tative reverse transcription (qRT)-PCR was carried out by using
the SYBR Green detection system (Thermo Fisher) with HBsAg
primers. The viral load of 24 anonymous HNP samples was
subsequently determined through the same qRT-PCR. The se-
quences of the positive control and the primers are given in
the supplemental online data.

Immunocytochemistry

Cells were washed twice in PBS and fixed in 4% formaldehyde
(Himedia, Mumbai, India, http://www.himedialabs.com). Cells
were permeabilized in 0.2% tritonX-100 (Amresco, Cleveland,
OH, https://www.amresco-inc.com) and blocked in 1%bovine se-
rum albumin (Himedia), followed by incubation in primary anti-
bodies such as antihuman albumin (Thermo Fisher Scientific),
antihuman connexin 32, (Abcam, Cambridge, U.K., http://www.
abcam.com), and antihuman hepatocyte nuclear factor 4
(HNF4a) (Santa Cruz Biotechnology, Dallas, TX, http://www.
scbt.com), in a humidified chamber at 37°C for 1 hour. The cells
were incubatedwith secondaryantibodies conjugatedwitheither
Alexa Fluor 488 or Alexa Fluor 594 (both Thermo Fisher Scientific)
in a humidified chamber at 37°C for 30 minutes. The nucleus was
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counterstained with 49,6-diamidino-2-phenylindole (DAPI;
Himedia). Detailed steps are given in the supplemental online
data.

Functional Activity Assays

The P450 mediated detoxification was examined by Pentoxyre-
sorufin O-dealkylase assay, and the induction of CYP1A2 in
monocytes and NeoHep was estimated using the P450-Glo
CYP1A2 assay (Promega, Madison, WI, http://www.promega.
com). Microsomes from NeoHep were isolated, and a P450-
Glo CYP3A4-pentafluoro-benzyl ether (PFBE) induction/inhibition
assay (Promega) was performed. Human albumin and human clot-
ting factor VII activity were detected by using commercial enzyme-
linked immunosorbent assay (ELISA) kits (KOMA BIOTECH, Seoul,
Korea, http://www.komabiotech.com) and a factor VII chromo-
genic activity assay kit (Assaypro, St. Charles, MO, http://www.
assaypro.com), respectively. Assays were performed according to
the manufacturer’s protocol, and detailed steps are given in the
supplemental online data.

Extraction and Storage of RNA by Spin-ColumnMethod

The total RNA from sortedmonocytes, RM, andNeoHepwere iso-
lated using Fisher BioReagents SurePrep RNA/DNA/Protein Puri-
fication Kit (Thermo Fisher,Waltham,MA, https://www.fishersci.
com), according to themanufacturer’s instructions. The RNAwas
then collected and stored in an RNA stable tube (Biomatrica, San
Diego, CA, http://www.biomatrica.com).

RNA Sequencing and Data Analysis

Monocytes sorted from healthy human peripheral blood (n =
5) and HNP blood (n = 6) were used to generate RM and Neo-
Hep. Poly A-tailed RNA isolated from each cell type was
pooled separately for healthy and HNP samples. The pooled
RNA was sequenced using the ILLUMINA HisEquation 2000
platform (Illumina, San Diego, CA, http://www.illumina.
com/). The detailed description of RNA sequencing and sub-
sequent data analysis [8] are provided in the supplemental
online data.

Validation of RNA Sequencing Data by qRT-PCR

qRT-PCR was performed to validate RNA sequencing data, using
the same RNA samples used for RNA sequencing for the following
markers: Glul, Rest, Parg, CD14, CD36, Myd88, CD93, and CD33.
The qRT-PCR was performed by using MESA GREEN qPCR kit
(Eurogentech, Fremont, CA, http://www.eurogentec.com) with
SYBR assay. The expression of genes in RM and NeoHep were cal-
culatedusing theΔΔCtmethodwith respect tomonocytes. Exper-
imental details and the primer sequence have been provided in
the supplemental online data.

qRT-PCR of Differentially Expressed Genes in RM
and NeoHep

Thedifferential expressionof genes inRMandNeoHep in compar-
ison with monocytes was analyzed by using qRT-PCR, as men-
tioned above. The genes analyzed were Hif1a, Met, Chd7, Eed,
Ehmt1, Ezh2, Smarca4, Suz12, Epas1, Parp1, Sall4, Fbxo15,
Gab1, Ptprm, Src, Plcg1, Ranbp9, Pik3r1, Grb2, and Shc1. Experi-
mental details and the primer sequence have been provided in
the supplemental online data.

One-Third Partial Hepatectomy and Transplantation of
Cells in NOD SCID Mice

The left lateral lobe of NOD SCID mouse liver was excised to
perform one-third partial hepatectomy. Immediately after the
hepatectomy, sorted monocytes, RM, and NeoHep were trans-
planted in NOD SCID mice by splenic route to investigate en-
graftment and stability of the cells in vivo. To investigate the
homing locations of transplanted human cells in mouse tissue
samples, we performed RT-PCR using human glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) and human tumor necro-
sis factor (Tnf)-a-specific primer and probe sets. Detailed steps
are given in the supplemental online data.

Fluorescence In Situ Hybridization to Detect Human
Nucleus in Human Cell Transplanted NOD SCID Mouse
Liver Sections

Fluorescence in situ hybridization was performed using ready-
to-use (RTU) Human Specific-Centro Probes Biotin Chromo-
some 9 (Cambio, Cambridge, U.K., http://www.cambio.co.uk/)
in the cryosections of hepatectomized NOD SCID mouse
liver transplanted with human cells. The hybridization pro-
cedure was followed according to the manufacturer’s in-
struction, and detailed steps are given in the supplemental
online data.

Live Cell Imaging

Cell IQ (CM Technologies, Tampere, Finland) single-label fluo-
rescence was used to monitor the differentiation process of
monocytes to NeoHep for a period of 16 days continuously at
a particular selected field with routine change of media. De-
tailed steps are given in the supplemental online data.

Statistical Analysis

Graphpad Prism 5 software (Graphpad, La Jolla, CA, http://
www.graphpad.com) was used to plot graphs and analyze
data; details are provided in the supplemental online data.

RESULTS

The Isolation and Culture of Monocytes

Higher Neutrophil Counts in Peripheral Blood of Hepatitis
B Patients

In a few initial experiments, we isolated PBMCs from healthy
and HNP blood by density gradient centrifugation. It was fol-
lowed by a plastic adherence technique to enrich the monocyte
population. We found that the culture of such monocytes iso-
lated from HNP blood could not last for more than 2–3 days.
In order to investigate the reason behind this limitation, we ret-
rospectively analyzed 2 years of data (March 2013 to February
2015) on hepatitis B positive patients (excluding patients who
had sepsis or bleeds), who visited St. Stephen’s Hospital, Delhi.
The neutrophil to lymphocyte ratio (NLR) for these patients is
shown in Figure 1A. The mean NLR was 6.62 6 2.77 (n = 84),
which reaffirms the fact that typically, the HBV patients have
a higher neutrophil count [9].

Because of enhanced neutrophil counts in the HNP blood,
additional steps were required for the isolation of mono-
cytes. The density gradient isolation of PBMCs is known to
deplete neutrophils, as is shown in Figure 1B, but owing to
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Figure 1. Neutrophils and apoptotic cells in healthy and hepatitis B surface antigen (HBsAg) nucleic acid test (NAT) positive (HNP) pe-
ripheral blood mononuclear cells (PBMCs). (A): Neutrophil to lymphocyte ratio of hepatitis B patients (n = 84). (B): Representative flow
cytometric dot plots in arbitrary units on a linear scale showing forward scatter and side scatter (upper panel) of PBMCs derived from
HBsAg-NAT positive (HNP) and healthy PBMCs; regions represent the corresponding granulocyte, monocyte, and lymphocyte popula-
tions. In the lower panel, dot plots represent fluorescence intensity of respective PBMCs dual-stained with anti-CD66b-fluorescein iso-
thiocyanate in x-axis and anti-CD14-PE in y-axis, measured in arbitrary units on log scale. Quadrant gates were created using unstained
and single-color positive controls. (C): Representative Annexin A5 versus propidium iodide staining of healthy and HNP PBMCs. (D): Ap-
optotic cells in healthy andHNPPBMCs. Overall summary of number of samples is shown. (E): Kinetics of HNPmonocyte culture, depicting
how the percentage of apoptotic cells changes during initial 6 days of culture in three typical samples. p, p, .05; pp, p, .01; ppp, p, .001.
Abbreviations: FITC, fluorescein isothiocyanate; FSC, forward scatter; HBV, hepatitis B virus; HNP, hepatitis B surface antigen nucleic acid
test positive; NeoHep, hepatocyte-like cells; ns, not significant; PBMC, peripheral blood mononuclear cell; PE, phycoerythrin; PI, propi-
dium iodide; SSC, side scatter.
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a very high proportion of neutrophils in HBV patient’s blood
in comparison with healthy blood, the forward scatter ver-
sus side scatter plot in HNP blood was dominated mainly by
neutrophils. This was further confirmed by the higher abun-
dance of CD66b-positive cells, which is a typical neutrophil
marker.

In order to isolate monocytes from HNP blood, the excess
neutrophils (CD66b+ve) were first depleted from the PBMCs. It
was followed by the removal of the entire nonmonocytic cells
to yield a homogeneous population of monocytes. Thereafter,
the percentage of apoptotic and dead cells in the HNP PBMC-
derived culture was estimated.

Fate of Apoptotic Cells in HNP PBMC Culture
It was observed that most of the apoptotic cells died and were
depleted during the initial 6 days in the HNP blood-derived cul-
ture, unlike the healthy blood-derived culture. The plots obtained
afterAnnexinA5 staining (Fig. 1C, 1D) confirmed that thepercent-
age of apoptotic cells was higher among HNP PBMCs than it was
among healthy PMBCs.

However, it was interesting to note that the percentage of ap-
optotic cells decreased remarkably during the initial 6 daysofHNP
monocyte culture. A summary of data obtained from three typical
cultures is shown in Figure 1E.

Yield of Differentiated Cells

Thepercentage yieldof theNeoHepvaried from5%to15%of cells
present at thebeginning of differentiation, irrespective of healthy
or HNP monocytes, as is shown in Figure 2A.

Absence of Hepatitis B Viral Gene in the Genome of
Differentiated Cells

Oneof ourmajor concernswas to confirm the absence of theHBV
genome from the RM and NeoHep derived fromHNPmonocytes.
Whereas the median viral load in HNP blood samples was 2.17E6
copies per milliliter (n = 24; minimum = 237,450; maximum =
1.96E10; interquartile range = 9.72E6) and the PCR amplicon spe-
cific to HBsAg and HBxAgwas present in HNPmonocyte genomic
DNA, no HBsAg or HBxAgwas detected in HNP RM and HNP Neo-
Hep genomic DNA (Fig. 2B), confirming that cells having hepatitis
B viral genes in their genome were eliminated during the differ-
entiation process.

Intracellular Hepatic Markers

The expression of albumin, connexin 32, and hepatocyte nuclear
factor 4a (HNF4a), which are hepatocyte specific markers, was
observed only in NeoHep. The images are depicted in Figure 3A
and 3B, in which panels show immunostained images obtained
from healthy and HNP monocytes. The NeoHep differentiated
from healthy monocytes or HNP monocytes showed similar ex-
pression of the hepatic markers.

Functional Activity and Expression in
Differentiated Cells

Induction of CYP1A2Activity inNeoHep by Benzo(a)pyrene

The CYP1A2 enzyme is inducible after exposure to polycyclic ar-
omatic hydrocarbons. The inductive potential of CYP1A2 was
estimated by incubating benzo(a)pyrene with monocytes and

Figure 2. Culture of monocytes isolated from healthy and hepatitis B surface antigen nucleic acid test positive (HNP)-derived peripheral
bloodmononuclear cells. (A):Average cell density per grid during the differentiation ofmonocyte (0 hour) to hepatocyte-like cells (NeoHep)
(400 hours) in a reference culture. (B): Absence of hepatitis B virus gene in differentiated HNP monocytes. In all three gel images the num-
bers refer to lanes as follows: 1, nontemplate control; 2, HNP serum; 3, day 0 HNPmonocytes; 4, HNP reprogrammedmonocytes (day 6); 5,
HNP NeoHep (day 21); 6, day 0 healthy monocytes; M, Low-range (25–500) base pair DNA marker. Abbreviations: bp, base pair; HBsAg,
hepatitis B surface antigen; HBV, hepatitis B virus; HNP, hepatitis B surface antigen nucleic acid test positive; PBMC, peripheral bloodmono-
nuclear cell.
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NeoHep separately. CYP1A2 induction was then measured by
Luciferin-1A2 substrate. The results are shown in Figure 4A. The in-
duction of the CYP1A2 enzyme was not observed in monocytes,
whereas a fourfold increase was observed for NeoHep’s CYP1A2.

Detoxification of 7-Pentoxy Resorufin by NeoHep Using
P450 Enzymes

The activity of the CYP2B6 enzyme was measured in terms of the
amount of resorufin produced per microgram of total cell lysate

protein. The NeoHep generated from healthy monocytes and HNP
monocyteswasable tometabolize7-pentoxy resorufin to resorufin.
No such metabolic activity was shown by the monocytes. Remark-
ably, the activity of HNPNeoHep and healthy NeoHepmatched the
activity of the hepatocarcinoma cell line HepG2 (Fig. 4B)

Relative Quantification of CYP3A4 mRNA Expression

The expression of CYP3A4 was estimated by qRT-PCR, and the
results are shown in Figure 4C and 4D. The NeoHep derived

Figure 3. Immunocytochemistry for connexin 32, albumin, and hepatocyte nuclear factor 4 (HNF4a) in monocytes, reprogrammed monocytes,
and hepatocyte-like cells derived from healthy monocytes (A) and HNPmonocytes (B). Cells were stained with anticonnexin 32, antialbumin, and
anti-HNF4a (1:100) antibody followed by donkey anti-sheep IgG (Alexa Fluor 488) for connexin 32 and donkey anti-goat IgG (Alexa Fluor 594) for
albumin and HNF4a (1:200). The images were visualized and captured with ZEISS LSM 510 META confocal laser scanning microscope under Plan
Apochromat363/1.4oil objective.Scalebardenotes20mmforall panels.Abbreviations:DAPI, 49,6-diamidino-2-phenylindole;HNF4a, hepatocyte
nuclear factor 4; HNP, hepatitis B surface antigen nucleic acid test positive; NeoHep, hepatocyte-like cells; RM, reprogrammed monocytes.

6 Autologous NeoHep From Chronic HBV Monocytes

©AlphaMed Press 2016 STEM CELLS TRANSLATIONAL MEDICINE

ID: jw3b2server3dgen1 Time: 16:34 I Path: //chenas03/Cenpro/ApplicationFiles/Journals/Wiley/SCTM/Vol00601/160068/Comp/APPFile/JW-SCTM160068

Bhattacharjee, Das, Sharma et al. 179

www.StemCellsTM.com Oc 2016 The Authors
STEM CELLS TRANSLATIONAL MEDICINE published by Wiley Periodicals, Inc. on behalf of AlphaMed Press



Figure 4. Functional activity and expression in differentiated monocytes. (A): Fold increase of CYP1A2 activity after induction with benzo(a)
pyrene for 48 hours with that of uninducedmonocytes and hepatocyte-like cells (NeoHep) from healthy and hepatitis B surface antigen nucleic
acid test positive (HNP) peripheral blood mononuclear cell (PBMCs) and positive control (PC; HUH 7) (n = 5). (B): Detoxification activity of
7-pentoxy resorufin, a CYP2B6 substrate to resorufin by HepG2 (PC), monocytes, and NeoHep derived from healthy and HNP PBMCs
(n = 5). The amount of resorufin produced was deduced from resorufin standard curve, and the activity was measured in terms of total protein
content of cell lysate. (C, D): Relative quantification of CYP3A4mRNA, normalized withGapdh, in reprogrammedmonocytes (RM) and NeoHep
with respect to monocyte derived from healthy and HNP samples, respectively (n = 5). (E): Activity of CYP3A4 (Luciferin-pentafluoro-benzyl
ether [PFBE]) in microsomal fraction isolated from healthy NeoHep, HNP NeoHep (5 pooled samples in each case), and human liver (50 pooled
samples). The CYP3A4 activity is measured in terms of luminescence units produced, upon incubation with its substrate Luciferin-PFBE, per
microgram of total microsomal protein content. (F): Amount of secreted human albumin in the culture supernatant of HepG2 (PC), H_RM,
HNP_RM, healthy NeoHep, and HNP NeoHep (n = 3). The error bars represent standard error of the mean. p, p, .05; pp, p, .01; ppp, p, .001.
Abbreviations: H, hepatitis; HNP, hepatitis B surface antigen nucleic acid test positive; NeoHep, hepatocyte-like cells; ns, not significant;
PC, positive control; PFBE, pentafluoro-benzyl ether; RM, reprogrammed monocytes.
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Figure 5. Differential expression of genes during reprogramming and differentiation ofmonocytes. (A):Dendrogram of hierarchical clustering
using Spearman’s rank correlation matrix. The heat maps of genes involved in hypoxia, expressed in monocyte and reprogrammed monocytes
(RM), are shown (B); cholesterol and bile acid metabolism expressed in monocyte, RM, and hepatocyte-like cells (NeoHep) are also shown (C).
The expressions of downregulated genes related to inflammation and immune response in RM and NeoHep in comparison withmonocytes are
shown (D). (C, D): Columns 1, 2, and 3 indicate monocyte, RM, and NeoHep, respectively, and gray squares indicate that no transcript was pre-
sent. (E): Summary of differential expression of genes and corresponding biological processes. Abbreviations: ATP, adenosine triphosphate; H,
hepatitis; HNP, hepatitis B surface antigen nucleic acid test positive; LPS, lipopolysaccharide; NeoHep, hepatocyte-like cells; NF, nuclear factor;
RM, reprogrammed monocytes.
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from both; the HNP and healthy monocytes had a higher ex-
pression of CYP3A4 in comparison with that of monocytes
and RM.

Activity of CYP3A4 in Microsomes

The activity of CYP3A4 in themicrosomes isolated from the Neo-
Hep was estimated and compared with the activity of human
liver microsomes. The microsomes from five samples, from
healthy and HNP NeoHep, were pooled, and equal amounts of
human liver microsomes were used to evaluate the CYP3A4 ac-
tivity. The luminescence of the product formed after CYP3A4
substrate (PFBE) metabolism was determined. It was observed
that NeoHep microsomes showed CYP3A4 activity, although it
was around 10% in comparison with the human liver micro-
somes (Fig. 4E).

Secretion of Human Albumin and Clotting Factor VII
Activity in the Culture Supernatant by NeoHep

The presence of secretory albumin and clotting factor VII ac-
tivity in the culture supernatant of NeoHep and RM was esti-
mated. It was observed that both the NeoHep derived from
healthy and HNP monocytes secrete human albumin in their
culture supernatant. Albumin was not observed in the culture
supernatant of RM (Fig. 4F). Similarly, clotting factor VII activ-
ity was detected in the culture supernatant of NeoHep (0.01506
0.007 IU/ml, n = 5), and there was no such activity in the culture
supernatant of RM.

Global Transcriptome Analysis for Monocytes, RM,
NeoHep, and Human Hepatocytes

The differentially expressed genes and associated processes
in monocytes, RM, and NeoHep were examined. The Solexa
output readings had a Phred quality score .20, and the sum-
mary of filtered read-outs mapped on human genome hg19
are given in the supplemental online data. The minimum
and maximum mapping percentages were 87.89 and 97.55,
respectively.

The fragments per kilobase million values of the genes for
each sample were converted to logarithmic base 10 value. Using
these values, we performed a hierarchical clustering of the seven
sampleson thebasisof their geneexpressionbyusing Spearman’s
rank correlation matrix; the dendrogram obtained is shown in
Figure 5A.

In this dendrogram the H_monocytes and HNP_mono-
cytes were in the same cluster. Similarly, H_NeoHep and
HNP_NeoHep were also in the same cluster. However, the
H_RM and HNP_RM were in different clusters. The node
height for the NeoHep cluster (0.068) was closer to the
node height of hepatocyte (0.187) in comparison with that
of H_RM (0.033) and the monocyte cluster (0.0). The node
height of HNP_RM (0.584) was distant from the remaining
six samples.

This hierarchical clustering must have happened because of
the up- and downregulation of unique genes responsible for
maintenance of crucial biological and molecular functions in
RM and NeoHep. Upregulation of these genes with respect to a
few typical biological processes such as cholesterol, bile acid me-
tabolism, and hypoxia was examined by generating correspond-
ing heat maps.

The heat map (Fig. 5B) displays the differential expression
of hypoxia-related genes during the reprogramming of healthy
and HNP monocytes. There were many common upregulated
hypoxia-related genes in H_RM and HNP_RM. Similarly, there
were a large number of common upregulated metabolism-
related genes (Fig. 5C) in H_NeoHep and HNP_NeoHep, but
the upregulated genes in RM were not common, possibly be-
cause the expression of these genes in the corresponding
monocytes was different. A noteworthy downregulation in in-
flammation and immune defense-related gene expression
was observed in RM and NeoHep, as is shown in the heat maps
(Fig. 5D).

A summarized overview of differential expression of genes is
given in Figure 5E,whichhas input both from theseheatmaps and
from the gene ontology record given in the supplemental online
data.

Early Markers of Induced Pluripotent Stem Cells

It was also observed that RM shows expression of Sall4, Parp1,
and Fbxo15, which are well-known early markers of induced plu-
ripotent stem cells (iPSCs) [10], thus correlating the RM proper-
ties to those of iPSCs (Fig. 6A).

Chromatin Remodeling

Epigenetic modulation due to the upregulation of chromosome
remodeling complex plays a critical role in cellular reprogram-
ming. Furthermore, Hif1a and Hif2a (Epas1) play a key role in
reprogramming of somatic cells to induce pluripotent stem
cells [11].

The regulation of chromosome remodeling complex in RM
was compared with monocytes by performing qRT-PCR with
the same RNA samples with which the RNASeq was done.
Figure 6B shows that Chd7, Eed, Ehmt1, Ezh2, Smarca4, and
Suz12, which are the key genes of chromosome remodeling, were
upregulated in RM along with Epas1.

Hypoxia and cMET Signaling

It is an established fact that Hif1a induces the expression ofMet,
which is a receptor of hepatocyte growth factor (HGF) [12]. The
expression of bothHif1a andMetwashigher in RM than inmono-
cytes (Fig. 6C).

The upregulation ofMet in RMunfolded a unique scenario,
because the media used for the differentiation of RM to Neo-
Hepwere supplementedwith HGF. The first graph of Figure 6D
shows that the expression of Met was further increased in
NeoHep. The genes of the cMET signaling pathway—such as
Ptprm, Src, Plcg1, Ranbp9, Pik3r1, Grb2, Shc1, and Gab1—
were more highly expressed in NeoHep than in RM, possibly
because of the presence of HGF in the culture medium, as is
shown in Figure 6D.

Transplantation of NeoHep in One-Third Partially
Hepatectomized NOD SCID Mice

To explore the potential of in vitro generated NeoHep
for cell-based therapy, we transplanted the NeoHep by
splenic infusion in a partially hepatectomized NOD SCID
mouse. It was found that not all the transplanted cells ended
up in regenerated liver lobes, and DNA specific to human
TNF-a was detected in the bone morrow of the recipient
mouse.
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Detection ofHumanAlbumin andHumanConnexin 32 in the
Liver Section of NOD SCIDMouse by Immunohistochemistry
The functional activity of transplanted NeoHep in the hepatec-
tomized NOD SCID mouse was confirmed by the presence of

human albumin in its liver section. The presence of human con-
nexin 32 established the engraftment of transplanted NeoHep

in the mouse liver cortex. The liver sections are shown in

Figure 7A–7C.

Figure 6. Chromatin remodeling, hypoxia, and cMET signaling during reprogramming and differentiation. Some of the typical markers (Sall4,
Parp1, Fbxo15) expressed in induced pluripotent cells are also upregulated in reprogrammed monocytes (RM) in comparison with monocytes
(A). The upregulation of chromosome remodeling complex (Chd7, Eed, Ehmt1, Ezh2, Smarca4, Suz12, Epas1) (B) and Hif1a and Met (C). The
relative quantification ofMet and genes involved in cMET signaling pathways (Ptprm, Src, Gab1, Grb2, Pik3r1, Plcg1, Ranbp9, Shc1) of mono-
cytes, RM, andhepatocyte-like cells are summarized (D). For all theplots,n=3, and error bar denotes standard error of themean. Abbreviations:
NeoHep, hepatocyte-like cells; RM, reprogrammed monocytes.
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Figure 6. Chromatin remodeling, hypoxia, and c-MET signaling during reprogramming and differentiation. Some of the typical markers (Sall4,
Parp1, Fbxo15) expressed in induced pluripotent cells are also upregulated in reprogrammed monocytes (RM) in comparison with monocytes
(A). The upregulation of chromosome remodeling complex (Chd7, Eed, Ehmt1, Ezh2, Smarca4, Suz12, Epas1) (B) and Hif1a and Met (C). The
relative quantification of Met and genes involved in c-MET signaling pathways (Ptprm, Src, Gab1, Grb2, Pik3r1, Plcg1, Ranbp9, Shc1) of mono-
cytes, RM, and hepatocyte-like cells are summarized (D). For all the plots, n = 3, and error bar denotes standard error of the mean. Abbrevia-
tions: NeoHep, hepatocyte-like cells; RM, reprogrammed monocytes.
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Fluorescence In Situ Hybridization to Detect Nucleus of
EngraftedHumanCells in the Liver Tissue Sections ofNOD
SCID Mouse

Figure7Dshows thebindingofDNAprobe specific tohumanchro-
mosome 9 centromeric regions in the nucleus of the transplanted
NeoHep, engrafted in the liver cortex of a hepatectomized NOD
SCID mouse.

Detection of Human Albumin and Clotting Factor VII
Activity in the Serum of NOD SCID Mice

Functional metabolic activity of transplanted NeoHep, derived
from both healthy monocytes and HNP monocytes, was con-
firmed by the presence of human albumin in the serum of the re-
cipientmouse detected by ELISA (Fig. 7E). No human albuminwas
detected when the monocytes or the RM were transplanted.

Ten days’ posttransplantation of NeoHep in a partially hepa-
tectomizedmouse, we detected human clotting factor VII activity
in the serum of the recipient mouse (0.0876 0.033 IU/ml, n = 4;
typical range for plasma is 0.5–2.0 IU/ml). Interestingly, because

monocytes are known to secrete clotting factor VII [13, 14], its
activity was observed when monocytes were transplanted in a
partially hepatectomized mouse, which is a confirmation. No hu-
man clotting factor VII activity was detected when RM were
transplanted.

DISCUSSION

In this article we have demonstrated for the first time that the
monocytes fromHBsAg-NAT-positive peripheral blood (HNP) col-
lected from chronic HBV patients can be differentiated to
hepatocyte-like cells (NeoHep). This article describes a step to-
ward possible autologous cell-based therapy for patients having
hepatic insufficiency due to hepatitis B infection.

The binding of HBsAg specifically to the CD14molecule of the
monocytes is a well-known phenomenon [15], and the HBsAg is
also known to inhibit secretion of inflammatory cytokines by
monocytes [16]. Also, the HBsAg proviral particles of hepatitis
Bvirus,whichare released in thebloodstreamof chronichepatitis
B patients, preferentially deposit in CD14+monocytes [17]. These

Figure7. Transplantedhepatocyte-like cells (NeoHep) in anhepatectomizedNOD.CB17-Prkdcscid/J (NODSCID)mouse. (A): Liver tissue sections
of a partially hepatectomized NOD SCID mouse without cell transplantation (only phosphate-buffered saline [PBS]). (B, C): Partially hepatec-
tomizedNODSCIDmouse liver sections inwhichhealthy hepatocyte-like cells (NeoHep) andhepatitis B surface antigennucleic acid test-positive
(HNP)NeoHepwere transplanted, respectively. Imageswere taken using Plan Apochromat 633/1.4 oil objective, and the numerals indicate the
following: (1) human anti-connexin 32 (Alexa Fluor 488); (2) human anti-albumin (Alexa Fluor 594); (3) nucleus 49,6-diamidino-2-phenylindole;
and (4) merged image. Scale bar denotes 20 mm. (D): Binding of the fluorescence in situ hybridization probe specific to human chromosome 9
centromere in the liver sectionof ahepatectomizedNODSCIDmouse inwhichHNPNeoHepwere transplanted. Scale bar is 25mmand10mmfor
normal and zoomed panels, respectively. (E): Concentration of human albumin secreted by transplanted NeoHep in the blood stream of a re-
cipient NOD SCID mouse when no cells (only PBS), healthy monocytes, healthy reprogrammed monocytes, healthy NeoHep, and HNP NeoHep
were transplanted (n = 3). Error bars represent standard errors of themean. The positive control (PC) is the serumof aNODSCIDmouse inwhich
1mg of human albumin was injected through the tail vein and blood was then collected after 6 hours. Abbreviations: FISH, fluorescence in situ
hybridization; H, hepatitis; HNP, hepatitis B surface antigen nucleic acid test positive; NeoHep, hepatocyte-like cells; PBS, phosphate-buffered
saline; RM, reprogrammed monocytes.
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two facts together render monocytes apoptotic [18, 19]. We ob-
served a similar result with a higher abundance of apoptotic
monocytes and neutrophils in the HNP blood.

We found that before initiating the culture of PBMCs from
HNPblood, itwas essential to deplete excess neutrophils. In order
tominimize theeffect of serineproteasespresent in serum,which
are known to induce apoptosis [20],weused a limiting serumcon-
centration of 0.5% to culture-sorted monocytes to generate RM.

Theexpressionofhepatocyte-specificmarkers inNeoHepwas
evidence of the differentiation of nonparenchymal cells to he-
patic parenchymal cells. Connexin 32, which is an important
gap-junction protein specific to hepatocytes [21], was expressed
by NeoHep derived from healthy and HNP blood. HNF4a expres-
sion was observed in the nucleus of NeoHep but not in the corre-
sponding monocyte and RM. Albumin was detected in the
cytoplasmof NeoHep.Most important, theNeoHep derived from
both healthy and HNP blood showed similar expression of con-
nexin 32, HNF4a, and albumin.

The functional activity of NeoHep was confirmed by examin-
ing the activity of cytochrome P450 enzyme. The metabolic po-
tential of NeoHep to reduce 7-pentoxy resorufin to resorufin
confirmed the activity of the CYP2B6 enzyme. In hepatocytes
andHepG2 [22], the induction of enzymeCYP1A2 activity by poly-
aromatic compounds is well known. Similarly, the activity of
CYP1A2 was induced when NeoHep was treated with benzo(a)
pyrene. The activity of the CYP3A4 enzyme was confirmed in
the microsomes isolated from the uninduced NeoHep. Thus the
induction of CYP1A2 activity and the presence of CYP2B6 and
CYP3A4activity inNeoHepmake themaverypromising candidate
for screening new drugs. The secretion of albumin is one of the
crucial functional attributes for hepatocytes, whichwas observed
in the culture supernatant of NeoHep. Thus apart from detoxifi-
cation, NeoHep have physiological activity similar to that of pri-
mary human hepatocytes.

Tomimic a clinical situation inwhichNeoHep could beused as
a cell-based therapy to treat compromised liver, we transplanted
NeoHep toapartially hepatectomizedNODSCIDmousebysplenic
infusion. The NeoHep were engrafted in the liver of a recipient
mouse, and they expressed hepatocyte-specific markers and
functions in vivo. The presence of human connexin 32 in the liver
of the recipient mouse demonstrated the engrafting ability of
NeoHep. Thepresenceof cytosolic human “proalbumin”—human
albumin and human clotting factor VII activity in the serum of re-
cipient NOD SCID mouse 10 days’ posttransplantation— confirms
the “stable” and successful differentiation ofmonocyte toNeoHep
in vitro and their engraftment in the host.

The RNA sequencing data of monocytes, RM, and NeoHep
revealed the genes that were differentially expressed in RM
andNeoHep. The claim of differentiation ofmonocyte to NeoHep
was further emphasized by the hierarchical clustering of gene
expression profiles, which indicated that H_NeoHep and

HNP_NeoHephad similar geneexpressionprofiles. This clustering
further proved that the expression profiles of NeoHep were dif-
ferent from those of monocyte and RM butmore similar to those
of hepatocytes. Additionally, the genes responsible for the immu-
nological defense response to bacteria, fungi, T-cell activation,
and so on, were downregulated in the RM and NeoHep, and sev-
eral genes associated with metabolism were upregulated in
NeoHep.

The RNA sequencing data also uncovered the process of
reprogramming and differentiation of monocytes to NeoHep.
During the reprogramming step—in the presence of IL3, MCSF,
and 2-ME—the genes influenced by hypoxia were upregulated,
leading to chromosome remodeling [23]. Interestingly, the upre-
gulated expression of hypoxia-related genes in RM induces MET
expression. Similar upregulation of cMET has been reported ear-
lier [12]. During the differentiation of RM to NeoHep, the cMET
signaling cascade was further activated, due to the presence of
HGF [24], thereby leading to the expression of hepatocyte-
specific genes in NeoHep [25, 26].

One of the most significant results of this study is that there
was no hepatitis B virus gene in the NeoHep differentiated from
monocytes ofHNPblood. TheNeoHepgenerated fromHNPblood
were similar toNeoHepobtained fromhealthyblood.Besides, the
NeoHep display key phenotypic characteristics, as found in pri-
mary hepatocytes; their P450 enzyme were metabolically active,
and they were integrated within the liver and remainedmetabol-
ically functional. These unique features open up possibilities for
autologous NeoHep transplantation in HBV-infected patients, al-
though many novel interventions including antiviral therapy are
essential before this approach could be translated further for clin-
ical therapeutics.
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