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The Journal of Immunology

Fibrocytes Differ from Macrophages but Can Be Infected
with HIV-1

Michihiro Hashimoto,* ! Hesham Nasser,* ! Farzana Bhuyan,*" Nozomi Kuse,*
Yorifumi Satou,""Jr Shigeyoshi Harada,i Kazuhisa Yoshimura,qe Jun-ichi Sakuragi,§
Kazuaki Monde," Yosuke Maeda,” Sarah Welbourn,|| Klaus Strebel,"

Ekram W. Abd El-Wahab,*"? Mitsue Miyazaki,*" Shinichiro Hattori,*

Nopporn Chutiwitoonchai,* Masateru Hiyoshi,** Shinichi Oka,” Masafumi Takiguchi,
and Shinya Suzu* '

*91"5

Fibrocytes (fibroblastic leukocytes) are recently identified as unique hematopoietic cells with features of both macrophages and
fibroblasts. Fibrocytes are known to contribute to the remodeling or fibrosis of various injured tissues. However, their role in viral
infection is not fully understood. In this study, we show that differentiated fibrocytes are phenotypically distinguishable from macro-
phages but can be infected with HIV-1. Importantly, fibrocytes exhibited persistently infected cell-like phenotypes, the degree of
which was more apparent than macrophages. The infected fibrocytes produced replication-competent HIV-1, but expressed HIV-1
mRNA at low levels and strongly resisted HIV-1-induced cell death, which enabled them to support an extremely long-term HIV-1
production at low but steady levels. More importantly, our results suggested that fibrocytes were susceptible to HIV-1 regardless of
their differentiation state, in contrast to the fact that monocytes become susceptible to HIV-1 after the differentiation into
macrophages. Our findings indicate that fibrocytes are the previously unreported HIV-1 host cells, and they suggest the impor-

tance of considering fibrocytes as one of the long-lived persistently infected cells for curing HIV-1. The Journal of Immunology,

2015, 195: 4341-4350.

uman immunodeficiency virus-1 persists in latent res-
ervoirs despite optimal antiretroviral therapy (ART),
which is the major barrier to curing HIV-1. Resting

memory CD4* T cells are the best characterized HIV-1 reservoir
(1). However, there is increasing evidence that HIV-1 exists in
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cells other than the resting memory CD4" T cells (2-7), which may
include CD4* T memory stem cells (8), monocytes/macrophages
(9), bone marrow CD34" hematopoietic progenitor cells (10, 11),
or as yet unrecognized cells. The establishment of HIV-1 infection
in bone marrow CD34" cells is controversial, as recent studies
failed to detect infected bone marrow CD34" cells in patients
(12, 13). Interestingly, it was demonstrated that peripheral blood
CD34* cells could be infected with HIV-1 both in vitro (14, 15)
and in vivo (16). In the latter study, HIV-1 proviral DNA was
frequently detected in the peripheral blood CD34" cells of HIV-1—
infected patients, and in most patients, the number of proviral
copies of the peripheral blood CD34" cell fraction was signifi-
cantly higher than that of total PBMCs (16). Thus, peripheral
blood CD34" cells are also candidates for latently or persistently
infected cells in patients. However, the peripheral blood CD34"
cells are heterogeneous and it is unclear which populations of
peripheral blood CD34" cells are infected with HIV-1.
Interestingly, the newly discovered cells called fibrocytes are
present in the CD34" fraction of peripheral blood (17-20). Fibro-
cytes are fibroblast-like peripheral blood cells (fibroblastic leuko-
cytes) that are generally defined as CD45"CD34 collagen I* cells
and are shown to migrate to injured tissues as a consequence of
the local release of chemokines such as CXCR4 or CCR7 ligand
(21-24). Fibrocytes migrated to tissues are distinguishable from
fibroblasts, as they express CD45, the pan-hematopoietic marker
(17-20). Tissue fibrocytes are also distinguishable from classical
macrophages, as they were negative for nonspecific esterase (21).
Although fibrocytes comprise a small fraction of peripheral blood
cells under normal conditions, accumulating evidence demonstrates
elevated levels of the number of circulating fibrocytes in diverse
forms of tissue remodeling and fibrosis, as well as chronic inflam-
mation (17-20). Indeed, various mouse models have demonstrated
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that fibrocytes produce extracellular matrix proteins including col-
lagens, and they thereby contribute to the remodeling and/or fi-
brosis of injured tissues, including the lungs (25-28), heart (29),
bone marrow (30), liver (31), and kidneys (32, 33).

Fibrocytes are unique hematopoietic cells with features of
fibroblasts (17-20). However, there is an overlap in the gene ex-
pression profiles between fibrocytes and macrophages (34). It has
been reported that fibrocytes possess Ag-presenting functions
and are potent stimulators of CD4* and CD8" T cells (35, 36),
suggesting that fibrocytes play a role in the initiation of adaptive
immune response. It was also reported that fibrocytes efficiently
respond to TLR2, TLR4, and TLR7 ligands as well as poly(I:C)
(37), suggesting that they also play a role in the innate immune
response. Thus, although detailed lineage tracing studies of fibro-
cytes have not been carried out, it appears that fibrocytes are cells
of myeloid origin. However, the functional relationship between
fibrocytes and macrophages has not been fully explored. Moreover,
the role of fibrocytes in viral infection is not fully understood.

In this study, given the two HIV-1-related features of fibrocytes,
that is, they are present in the CD34" cell fraction of peripheral
blood and there is an overlap in the gene expression profiles
with macrophages, we attempted to clarify whether HIV-1 infects
fibrocytes and how they respond to HIV-1 infection.

Materials and Methods

Human peripheral blood—derived fibrocytes and macrophages

Peripheral blood was collected from healthy donors, which was approved by
the Ethics Committee of Kumamoto University. Written informed consent
was obtained from all subjects according to the Declaration of Helsinki.
Fibrocytes were prepared according to the previously reported method (21,
22, 38, 39). Briefly, PBMCs were suspended in DMEM/20% inactivated
FCS (1 X 10° cells/ml) and seeded in dishes. In this culture method, CD4*
T cells are essential during the initial period as the feeder cells or source of
cytokines that induce the differentiation of peripheral blood fibrocytes into
mature fibrocytes (22, 33). The culture media were replaced with fresh
complete media after extensive wash with PBS to remove nonadherent
cells at day 6, and the adherent cells were further cultured. M-CSF—derived
macrophages were also prepared as a reference because they potently
support HIV-1 replication as described previously (40). Macrophages were
also prepared using 10 ng/ml recombinant human GM-CSF (Miltenyi
Biotec). In selected experiments, PBMCs were exposed to HIV-1 for 2 h,
washed extensively with PBS to remove unbound viruses, and then cul-
tured under conditions that support the differentiation into either fibrocytes
or macrophages. Unless otherwise stated, fibrocytes and macrophages were
analyzed at days 11 and 5, respectively. In quantitative analyses including
HIV-1 replication, cell survival, and cytokine/chemokine production,
fibrocytes were detached using trypsin, reseeded so that their number was
equivalent to that of macrophages, and cultured for 2 or 3 d.

Flow cytometry

The expression of surface molecules on macrophages and fibrocytes, which
were detached from dishes using enzyme-free cell dissociation buffer (Life
Technologies), was determined by flow cytometry on an LSR II (BD
Biosciences) or FACSVerse (BD Biosciences) using FlowJo software (Tree
Star) as described previously (40). The following Abs were used:
allophycocyanin-labeled anti-HLA-A/B/C (no. W6/32; BioLegend), PE-
labeled anti-HLA-DR (no. LN3; eBioscience), PE-labeled anti-M-CSF
receptor (no. 3-4A4; Santa Cruz Biotechnology), FITC-labeled anti-GM-
CSF receptor a-chain (no. 4H1; eBioscience), allophycocyanin-labeled
anti-CD14 (no. M5E2; BD Biosciences), FITC-labeled anti-CD14 (no.
61D3; eBioscience), PE-labeled anti-CD163 (no. GHI/61; BioLegend),
allophycocyanin-labeled anti-CD80 (no. 2D10; BioLegend), PE-labeled
anti-CD86 (no. IT2.2; eBioscience), and PE-labeled anti-SLAMF7 (no.
162.1; BioLegend). The phagocytic activity of fibrocytes and macrophages
was determined by measuring their uptake of fluorescent microspheres
(Fluoresbrite carboxylate microspheres, 0.7 wm in diameter; Polysciences)
as described previously (41).

Western blotting

Western blotting was performed as described previously (40). The fol-
lowing Abs were used: anti-Hck (no. 18; BD Transduction), anti-Lyn (no.

FIBROCYTES AS HIV-1 HOST CELLS

42; BD Transduction), anti-phosphotyrosine (no. PY99; Santa Cruz Bio-
technology), anti-HIV-1 Gag (no. 65-004; BioAcademia, Japan), and anti-
actin (no. C-2; Santa Cruz Biotechnology). The intensity of the bands was
quantified using the ImageQuant TL software (GE Healthcare) using actin
blot as a loading control.

Cell survival

Cell survival was assessed using MTT reagent as described previously (40).
The absorbance of the wells was measured at 595 nm. Liposomal clod-
ronate was purchased from FormuMax Scientific and added to cultures at
1:300 dilution.

Microarray

Total RNA prepared from macrophages or fibrocytes was biotin labeled
using a GeneChip 3’ IVT express kit (Affymetrix), and microarray analysis
was performed at TaKaRa Bio using high-density oligonucleotide array
(Human Genome U133 Plus 2.0) and GeneSpring 12.5 software (Agilent
Technologies). Microarray data have been deposited in the National Center
for Biotechnology Information Gene Expression Omnibus (GSE71290;
http://www.ncbi.nlm.nih.gov/geo).

Cytokine/chemokine production

The relative levels of various cytokines and chemokines in media condi-
tioned by macrophages or fibrocytes were analyzed using a human cytokine
array (R&D Systems) according to the manufacturer’s instructions. The
intensity of the spots was quantified using the ImageQuant TL software as
described previously (41).

HIV-1 infection, Gag detection, and viral infectivity assay

Primary viruses were expanded as described previously (42). Recombinant
viruses such as JRFL, ADS8, and NL(AD8) were prepared using HEK293
cells as viral producer cells (43). HIV-1 replication assay with fibrocytes
was performed as described for macrophages (40). Fibrocytes and mac-
rophages were incubated with HIV-1 (100 ng/ml Gag unless otherwise
stated) for 2 h at 37°C, washed with PBS to remove unbound viruses, and
cultured in complete media. One half of the media was replaced with fresh
media every 3 d. The supernatants were analyzed for Gag concentrations
by ELISA (ZeptoMetrix or Medical and Biological Laboratories, Japan).
The cell lysates were analyzed for Gag by Western blotting. The viral
infectivity was assessed using TZM-bl cells as described previously (43).

Cell sorting

Fibrocytes in a live cell gate were sorted using a FACSAria (BD Bio-
sciences). The CD14"°YSLAMF7"€" cells were sorted into 96-well plates
(1 X 10° cells/well) as the purified fibrocyte fraction, and subjected to
HIV-1 replication assay. The fraction containing the CD14™&"SLAMF7'*"
macrophages was also sorted as a control.

HIV-1 genome integration

A modified Alu-PCR method (44) was employed to quantify proviral DNA.
The semiquantitative assay was also performed as described previously
(40). NL(ADS) viral stock was treated with Benzonase (Novagen) to digest
proviral plasmids. The genomic DNA was isolated using DNeasy blood/
tissue kit (Qiagen). In first PCR, two Alu primers that annealed within the
conserved regions of Alu element were used with an LTR primer L-M667.
In the second real-time PCR, a lambda-specific primer lambda T was used
as a sense primer to detect fragments amplified in the first PCR, and
a TagMan probe and an antisense primer were selected from the set for
R/US DNA detection (45). Genomic DNA of infected U937 cells was used
as a standard (46).

HIV-1 mRNA expression

HIV-1 mRNA was quantified according to a recently reported method (47).
Total RNA was used for cDNA synthesis with random hexamer. Primers
used were P9501 (5'-CAGATGCTGCATATAAGCAGCTG-3') and 5T25
(5'-TTTTTTTTTTTTTTTTTTTTTTTTTTGAAG-3"), or the internal con-
trol 18S rRNA forward (5'-GTAACCCGTTGAACCCCATT-3’) and 18S
rRNA reverse (5'-CCATCCAATCGGTAGTAGCG-3"). The level of HIV-1
mRNA was calculated by the AACt method and normalized to the number
of integrated proviral copies (48).

Immunofluorescence

Immunofluorescence was performed as described previously (49). Cells
were stained with anti-Gag Abs (Kal-1; Dako), and nuclei were stained
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with DAPI. Signals were visualized with an LSM 700 (Carl Zeiss) or an
FV1200 confocal laser-scanning microscope (Olympus). Image process-
ing was performed using LSM ZEN 2009 (Carl Zeiss) or FV Viewer 4.1
software (Olympus).

Rate zonal gradient analysis of viruses

The particle size of viruses produced was analyzed according to a previously
reported method (50). The viruses in the culture supernatants were pelleted
by centrifugation. Each concentrated sample was layered onto 10-30%
sucrose and ultracentrifuged. Fractions were collected from each gradient
and analyzed for Gag concentrations by ELISA.

Patients, cell sorting, and PCR

Chronically HIV-1-infected Japanese patients were recruited, which was
approved by the Ethics Committees of Kumamoto University and the
National Center for Global Health and Medicine, Japan. PBMCs of in-
fected patients kept in liquid nitrogen were stained with the following
Abs: allophycocyanin—anti-CD34 (no. 581; BioLegend), FITC-anti-CD14
(no. 61D3; eBioscience), Pacific Blue-anti-CD16 (no. 3G8; BioLegend),
and PE-anti-CD3 (no. OKT3; BioLegend). The cells in live cell gates
were sorted using a FACSAria. The CD3~ CD14"CD16~ CD34" fibrocyte-
enriched fraction, CD3”CD14*CD16 CD34~ monocytes, and CD3" lym-
phocytes were sorted into 96-well plates (2000 cells/well). The higher
numbers of CD3" cells (20,000 cells/well) were also sorted as a positive
control. Genomic DNA was prepared using a QIAamp DNA micro kit
(Qiagen). Two-step PCR to amplify Pol or Gag regions was performed as
described previously (40) with eight different primer pairs (sequences are
available upon request). The first PCR was performed using genome DNA
(100 or 1000 cells/reaction, 38 cycles), and the second PCR was performed
using an aliquot of the first PCR (1/2500 dilution, 38 cycles). G3PDH was
amplified (35 cycles) as a loading control with a primer pair 5'-
CCACCCTGTTGCTGTAGCCAAATTCG-3' and 5'-TCCGGGAAAC
TGTGGCGTGATGG-3'.

Statistical analysis

The statistical significance of the intersample differences was deter-
mined using the paired Student 7 test. A p value <0.05 was considered
significant.

4343

Results
Fibrocytes are phenotypically distinguishable from
macrophages

Fibrocytes prepared in this study were phenotypically similar to
those described in previous studies (17-22). Unlike macrophages,
fibrocytes often emerged as expanding colonies (Supplemental
Fig. 1A, 1B). The number of fibrocytes obtained was signifi-
cantly lower than that of macrophages (Supplemental Fig. 1C).
Fibrocytes produced a larger amount of collagens than did mac-
rophages on a per cell basis (Supplemental Fig. 1D, 1E), and
they showed the fibroblast-like spindle-shaped morphology (Sup-
plemental Fig. 1F). Fibrocytes expressed CD45 (hematopoietic cell
marker), but their expression level of CD14 (macrophage marker)
was much lower than that of macrophages (Supplemental Fig. 1G).
These differentiated fibrocytes minimally expressed CD34 (Sup-
plemental Fig. 1G), presumably due to its decline during the cul-
tures (20, 23).

We initially attempted to further reveal the phenotypic char-
acteristics of fibrocytes and confirm that fibrocytes and macro-
phages share several phenotypes but are distinct cell types. The
expression of Src family kinases is often cell lineage specific (51),
and both macrophages and fibrocytes expressed Hck and Lyn
among Src kinases, albeit slightly weakly in fibrocytes (Fig. 1A).
Fibrocytes also expressed HLA-A/B/C and HLA-DR (Fig. 1B).
The phagocytic activity of fibrocytes was detectable but signifi-
cantly weaker than that of macrophages (Fig. 1C). Liposomal
clodronate is widely used to deplete macrophages because mac-
rophages efficiently ingest liposomal clodronate using their strong
phagocytic activity (52). Indeed, liposomal clodronate markedly
reduced the number of macrophages (Fig. 1D, left). However, such
inhibitory effect of liposomal clodronate was not observed in the
fibrocyte cultures (Fig. 1D, right), which was consistent with the
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FIGURE 1. Myeloid-related phenotypes of fibrocytes. (A) The expression of Src family kinases (Hck and Lyn) in fibrocytes and macrophages was
analyzed by Western blotting followed by the densitometric analysis (n = 5). (B) The expression of HLA-A/B/C or HLA-DR on the surface of fibrocytes and
macrophages was analyzed by flow cytometry, and their mean fluorescence intensities are shown (n = 3). (C) The phagocytic activity of fibrocytes and
macrophages was analyzed by flow cytometry. The percentage of phagocytic cells and their mean fluorescence intensities are shown. The data shown are
representative of six donors with similar results. (D) Fibrocytes and macrophages were cultured for 4 d in the absence or presence of liposomal clodronate,
and their survival was assessed by MTT assay. The results are expressed as percentages of the value for the liposomal clodronate-free cultures (n = 6). *p <

0.05. FC, fibrocyte; M®, macrophage; MFI, mean fluorescence intensity.
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weaker phagocytic activity of fibrocytes when compared with or the expression of those surface molecules of fibrocytes
macrophages. (Fig. 2D, 2E). Moreover, we did not observe any activation of

We next compared the cytokine and chemokine production M-CSF receptor upon the stimulation with M-CSF in fibrocytes
profiles between fibrocytes and macrophages. For instance, the (Fig. 2F). Thus, it is highly likely that fibrocytes are cells of
levels of GRO-«, IL-1ra, and MCP-1 were lower in fibrocytes; myeloid origin but distinct from macrophages.

conversely, the levels of IL-8, I-309, RANTES, MIP-1a, MIP-13,
and IL-27 were higher in fibrocytes (Fig. 2A). However, as
a whole, fibrocytes and macrophages shared the similar profile
of cytokine/chemokine production. Interestingly, fibrocytes only In this study, we found that fibrocytes expressed HIV-1 receptor
weakly expressed receptors for cytokines such as M-CSF and CD4 and coreceptors CCR5 and CXCR4 (Supplemental Fig. 2A).
GM-CSF (Fig. 2B). M-CSF and GM-CSF promote the survival of More importantly, we found that fibrocytes supported the repli-
macrophages, and M-CSF upregulates CD14 and CD163 whereas cation of primary (Fig. 3A) and recombinant HIV-1 viruses (Fig.
GM-CSF upregulates CD80 and CD86 in macrophages (40, 41, 3B). Anti-HIV-1 drugs inhibited the viral replication in fibrocytes
53, 54). However, neither of them affected the survival (Fig. 2C) (Supplemental Fig. 2B). Interestingly, there were several differ-

Fibrocytes can be infected with HIV-1, and they produce HIV-1
at a lower rate but for a longer time than do macrophages
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FIGURE 2. Cytokine production and response to cytokines of fibrocytes. (A) The relative levels of various cytokines and chemokines in media con-
ditioned by fibrocytes or macrophages were analyzed by the Ab array. Fibrocytes were reseeded so that their number was equivalent to that of macrophages.
Fibrocytes and macrophages were cultured for 2 d after changing media. The data shown were obtained by densitometric analysis (n = 4). (B) The ex-
pression of M-CSF receptor and GM-CSF receptor a-chain on the surface of fibrocytes and macrophages was analyzed by flow cytometry, and their mean
fluorescence intensities are shown (n = 5). (C) Fibrocytes and macrophages were cultured for 4 d in the absence or presence of M-CSF (upper) or GM-CSF
(lower), and their survival was assessed by MTT assay. The results are expressed as percentages of the value for the cytokine-free cultures (n = 6). (D)
Fibrocytes were cultured in the absence or presence of M-CSF for 4 d and analyzed for their expression of CD14 and CD163 by flow cytometry (n = 3).
M-CSF macrophages were the positive control. (E) Fibrocytes were cultured in the absence or presence of GM-CSF for 4 d and analyzed for their ex-
pression of CD80 and CD86 by flow cytometry (n = 3). GM-CSF macrophages were the positive control. (F) Macrophages and fibrocytes were stimulated
with M-CSF for the indicated periods, and their total cell lysates were analyzed for tyrosine-phosphorylated proteins by Western blotting. Data shown are
representative of three independent experiments with similar results. *p < 0.05. FC, fibrocyte; M®, macrophage; MFI, mean fluorescence intensity;
phospho-M-CSFR, tyrosine-phosphorylated M-CSF receptor; p-Tyr, tyrosine-phosphorylated.
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FIGURE 3. HIV-1 replication in fibrocytes. (A—F) Fibrocytes were reseeded so that their number was equivalent to that of macrophages, and they were
cultured for 2 or 3 d prior to HIV-1 infection. (A) Cells were infected with the primary HIV-1 viruses (KP-24 and KP-3) and analyzed for the concentration
of Gag in the supernatants by ELISA. The results obtained from three donors are summarized. (B) Cells were infected with the recombinant HIV-1 viruses
(JRFL and ADS) and analyzed as in (A). In the left panel, fibrocytes were also infected with 5-fold higher input amount of JRFL (X5 viral input). The data
shown are representative of five donors with similar results. (C) Cells were infected with NL(ADS8) and analyzed for the integrated proviral DNA (the
number of copies per cell) by quantitative PCR. The data shown are representative of three donors with similar results. (D) Cells were infected with NL
(ADS) and analyzed for HIV-1 mRNA expression by quantitative PCR followed by normalization to the number of integrated proviral DNA copies, and the
results are expressed as percentages of the value for macrophages. The results obtained from three donors are summarized. (E) Cells were infected with
AD8 and analyzed for their survival by MTT assay. The results are expressed as percentages of the value seen at the beginning (day 0) of the assay (n = 5).
(F) Cells were infected with ADS8 and analyzed for the concentration of Gag in the supernatants by ELISA (three donors). The data shown are representative

of three independent experiments with similar results. *p < 0.05. FC, fibrocyte; M®, macrophage; sup; supernatant.

ences in HIV-1 replication between fibrocytes and macrophages.
First, the viral replication in fibrocytes was slower than that in
macrophages even when fibrocytes were infected with 5-fold
higher input viral amount (Fig. 3B, left, see X5 viral input). This
was well correlated with the slow proviral DNA integration into
fibrocytes (Fig. 3C), which was likely due to the lower amount of
viruses bound to their surface (Supplemental Fig. 2C) or their
lower intracellular ANTP level (Supplemental Fig. 2D). Second,
the peak of viral production of fibrocytes was lower than that of
macrophages (see Fig. 3B, right). This was consistent with the
finding that the expression level of HIV-1 mRNA of fibrocytes was
significantly lower than that of macrophages even when normal-
ized to the number of proviral copies (Fig. 3D). Indeed, although
the percentage of intracellular Gag* cells was not different be-
tween fibrocytes and macrophages in the flow cytometric analysis
(Supplemental Fig. 2E), the intensity of Gag® fibrocytes was
significantly lower than that of macrophages (Supplemental Fig.
2F). Third, and most importantly, the viral production of macro-
phages gradually declined after the peak, whereas that of fibro-
cytes was relatively stable (see Fig. 3B). Consistent with this,
infected fibrocytes survived for a longer time than infected mac-
rophages (Fig. 3E), although infected fibrocytes formed giant cells
as seen with infected macrophages (Supplemental Fig. 3A). The
longer survival of infected fibrocytes was still observed under the
conditions in which we made the viral replication slow in mac-

rophages by decreasing the input viral amount (1:10) for macro-
phages (Supplemental Fig. 3B). Because macrophages could survive
for a long time under the uninfected cultures (Supplemental Fig. 3C),
fibrocytes appeared to be more resistant to cytolytic effects of HIV-1
than did macrophages, although we did not find obvious differ-
ences in expression levels of host genes involved in the regulation
of HIV-1 proviral transcription or apoptosis-related genes between
infected fibrocytes and infected macrophages in the microarray
analysis (Supplemental Fig. 3D). As a consequence, unlike mac-
rophages, fibrocytes supported an extremely long-term HIV-1 pro-
duction at low but steady levels (Fig. 3F).

HIV-1 production in fibrocyte cultures is not due to
contaminating macrophages

We extensively washed the fibrocyte cultures with PBS prior to
HIV-1 replication assay. Because the percentage of CD3* lym-
phocytes was usually <0.1% under the conditions (Supplemental
Fig. 4A), it was unlikely that the observed HIV-1 production was
due to contaminating CD4" T cells. Indeed, we did not detect the
replication of T cell-tropic HIV-1 viruses such as NL43 and IIIB
in the fibrocyte cultures (Supplemental Fig. 4B).

Macrophages can be removed from the fibrocyte cultures using
CD14 as the marker (35, 38). To ensure the removal of macro-
phages, we attempted to identify another marker through micro-
array analysis. We found that fibrocytes expressed a cell surface
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molecule SLAMF7 (also known as CS1), which is often highly detected by immunofluorescence (Fig. 4F). 4) Fibrocytes prepared

expressed in multiple myeloma cells (55), at a higher level than by an alternative method, that is, the serum-free culture (56), formed
did macrophages (Fig. 4A). The costaining of CD14 and SLAMF7 visible syncytia and produced HIV-1 into the culture media at a de-
allowed us to distinguish fibrocytes from macrophages in flow tectable level when exposed to HIV-1 (Supplemental Fig. 4C).

cytometric analysis (Fig. 4B), and the percentage of the CD14"eh
SLAMF7"" macrophages in the fibrocyte cultures was estimated
as 2-5%. Importantly, the CD14™E"SLAMF7"*" macrophage-free We next investigated whether fibrocytes produce replication-

Fibrocytes produce replication-competent HIV-1 viruses

fibrocyte fraction prepared by cell sorting supported HIV-1 pro- competent HIV-1 viruses. To this end, we initially analyzed
duction at a similar level to that observed with the whole cells of the particle size of produced viruses. The macrophage-produced
the fibrocyte cultures (Fig. 4C), strongly suggesting that the ob- viruses were collected at the peak of viral replication, that is,
served HIV-1 production in the fibrocyte cultures was not due to day 6 (see Fig. 3B, right). As indicated by the shift toward light
contaminating macrophages. Indeed, as shown in Supplemental fractions (Fig. 5A, see fractions 3 and 4), the fibrocyte-produced
Fig. 2E, the maximal percentage of Gag® cells of the fibrocyte viruses were smaller in the particle size when compared with
cultures was not statistically different from that of the macrophage the macrophage-produced viruses. Indeed, when assessed by the
cultures. The following results further supported the conclusion single-round replication assay (Fig. 5B), the peak of the infectivity
that fibrocytes were infected with HIV-1. 1) The pretreatment with of the fibrocyte-produced viruses was slightly lower than that of
liposomal clodronate, which efficiently depletes macrophages (see the macrophage-produced viruses (see 6 days postinfection [dpi]).
Fig. 1D), did not reduce HIV-1 production in the fibrocyte cultures However, as observed with the viral replication (see Fig. 3F), the

(Fig. 4D). 2) M-CSF, which potently stimulates HIV-1 replication infectivity of the macrophage-produced viruses gradually declined
in macrophages at multiple steps (40), did not stimulate HIV-1 after the peak whereas that of the fibrocyte-produced viruses was
production in the fibrocyte cultures (Fig. 4E). This was consistent relatively stable (Fig. 5B). Importantly, when added to macro-
with the weak expression of M-CSF receptor in fibrocytes (see phages, the fibrocyte-produced viruses replicated slowly due to their
Fig. 2B, upper). 3) Gag" spindle fibrocyte-like cells were readily low infectivity, but they subsequently reached the level of input
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FIGURE 4. HIV-1 replication in fibrocyte cultures is not due to contaminating macrophages. (A) Microarray analysis showing the differential expression
of SLAMF7 and CD14 between fibrocytes and macrophages. (B) Macrophages (fop), fibrocytes (bottom), and their mixtures (middle) were costained with
anti-SLAMF?7 and anti-CD14 Abs and analyzed by flow cytometry. The percentage of CD14™E"SLAMF7"" macrophages in the fibrocyte cultures is shown
(bottom). The data shown are representative of six donors with similar results. (C) CD14"e"SLAMF7"Y macrophages in the fibrocyte cultures (see B)
were removed by cell sorting (right bar). The fraction containing CD14"€"SLAMF7"°" macrophages was also sorted as a reference (left bar). These sorted
cells (1 X 10° cells/well) were infected with ADS, cultured for 18 d, and analyzed for the concentration of Gag in the supernatants by ELISA. The results
are expressed as percentages of the value for the macrophage-containing fraction (n = 6). (D) Fibrocytes were cultured in the absence or presence of
liposomal clodronate for 4 d, infected with JRFL, cultured for 18 d, and analyzed for the concentration of Gag in the supernatants by ELISA. The results are
expressed as percentages of the value for the liposomal clodronate-free cultures (n = 6). (E) Fibrocytes were cultured for 4 d in the absence or presence of
M-CSF, infected with ADS8, cultured for 18 d in the absence or presence of M-CSF, and analyzed for the concentration of Gag in the supernatants by
ELISA. The results are expressed as percentages of the value for the M-CSF—free cultures (n = 6). (F) Fibrocytes and macrophages were infected with ADS,
cultured for 3 d, and costained with anti-Gag Abs (green) and DAPI (blue). Original magnification X60. The data shown are representative of six donors
with similar results. FC, fibrocyte; M®, macrophage; sup; supernatant.
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FIGURE 5. Production of replication-competent HIV-1 viruses by fibrocytes. (A) The particle size of ADS8 viruses in the supernatants of fibrocytes (20
dpi) or macrophages (6 dpi) was analyzed by density fractionation followed by Gag ELISA (n = 3). The results are expressed as percentages of the value for
the peak fraction (no. 5). *p < 0.05. (B) The infectivity of AD8 viruses in the supernatants of fibrocytes or macrophages was analyzed by the single-round
infection assay with TZM-bl cells (three donors). The supernatants analyzed were collected at different days as indicated. The data shown are representative
of three independent experiments with similar results. (C) The ability of the replication of ADS viruses in the supernatants of fibrocytes was assessed using
macrophages as the secondary target cells. The ADS viruses, which were used in the first replication assay with fibrocytes, were also included as a reference
(see Input viruses). The supernatants of infected fibrocytes analyzed were collected from three donors and at different days (21 and 33 dpi). The data shown
are representative of three independent experiments with similar results. FC, fibrocyte; M®, macrophage.

(founder) viruses (Fig. 5C), indicating that fibrocytes produced the
replication-competent HIV-1 viruses.

Peripheral blood fibrocytes are more susceptible to HIV-1 than
are monocytes, but they express HIV-1 proteins at low levels

It is well known that monocytes are infrequently infected, but they
become susceptible to HIV-1 as they differentiate into mature
macrophages (57, 58). Thus, we next attempted to investigate the
susceptibility of circulating (undifferentiated) fibrocytes to HIV-1.
To this end, PBMCs containing circulating fibrocytes and mono-
cytes were briefly (for 2 h) exposed to HIV-1, washed extensively
to remove unbound viruses, and then cultured under the conditions
that support the differentiation into either macrophages or fibrocytes
(Fig. 6A). As expected, the number of integrated proviral DNA in-
creased slowly in the macrophage-inducing cultures (Fig. 6B, 6C),
which was in contrast to the rapid proviral integration into the dif-
ferentiated macrophages (see Fig. 3C). However, we unexpectedly
found the sufficient proviral integration in the fibrocyte-inducing
cultures even at 7 dpi, and its degree was significantly higher than
that in the macrophage-inducing cultures (Fig. 6B, 6C). The strong
PCR signal detected was not due to contaminating CD4" T cells in
the fibrocyte-inducing cultures because the nonadherent lymphocyte
fraction in the same cultures showed only a weak signal (Fig. 6B, see
Lymphocytes in FC cultures). More importantly, despite this suffi-
cient viral integration, the amount of Gag of the fibrocyte-inducing
cultures was much lower than that of the macrophage-inducing
cultures in both the supernatants (Fig. 6D) and the cell fraction
(Fig. 6E), which was consistent with the low HIV-1 mRNA ex-
pression in fibrocytes that were exposed to HIV-1 after their differ-
entiation (see Fig. 3D). It is therefore likely that fibrocytes are
susceptible to HIV-1 regardless of their differentiation state unlike

the monocyte-to-macrophage differentiation, but they exhibit per-
sistently infected cell-like phenotypes, the degree of which was
more apparent than for monocytes/macrophages.

Peripheral blood fibrocyte-enriched fraction of HIV-1—infected
patients harbors proviral DNA more frequently than in
monocytes

We finally investigated whether fibrocytes could be infected
with HIV-1 in vivo. Circulating fibrocytes are generally defined as
CD45"CD34*collagen I" cells (17-20). Interestingly, several studies
implied that circulating fibrocytes could be enriched in CD14™ cells,
for instance, in the CD45"CD34"CD14*CD16" fraction (17-22, 59).
We therefore collected PBMCs of ART untreated chronically HIV-
1—infected patients, sorted the fibrocyte-enriched fraction by adding
CD3 as a negative marker to exclude CD4" T cells (Fig. 7A), and
analyzed the HIV-1 proviral DNA by two-step PCR with different
primer pairs (Fig. 7B). As a result (Fig. 7C), we detected proviral
DNA in the CD3"CD14*CD16 CD34" fibrocyte-enriched fraction
of all six patients tested, the frequency of which was higher than
that of CD3* lymphocytes or CD3~CD34 CD14"CD16™ monocytes
under the same conditions (100 cells/PCR reaction). These results
indicated that the proviral DNA detected in the fibrocyte-enriched
fraction was not due to the contamination of lymphocytes, and they
raised the possibility that peripheral blood fibrocytes were infected
with HIV-1 more frequently than monocytes in patients, as observed
in the culture systems (see Fig. 6).

Discussion

It has been reported that fibrocytes are susceptible to circovirus (60)
and rhinovirus (61). In this study, we demonstrated that fibrocytes
are also susceptible to HIV-1. The previous studies revealed that
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FIGURE 6. Susceptibility of circulating fibrocytes to HIV-1. (A) The experimental procedures for (B)—(E) are shown. PBMCs were exposed to AD8 for
2 h, washed extensively with PBS to remove unbound viruses, and cultured under the conditions that support the differentiation into either macrophages or
fibrocytes for 7 or 11 d. (B) The integrated proviral DNA was analyzed by Alu-LTR two-step PCR (three donors). G3PDH PCR [lower panel in (B)] is the
loading control. The nonadherent lymphocyte fraction in the fibrocyte cultures collected at 7 dpi (Lymphocytes in FC cultures) was also analyzed as
a reference. The data shown are representative of two independent experiments with similar results. (C) The results of the proviral DNA PCR (see B) were
quantified by the densitometric analysis (n = 6). *p < 0.05. (D and E) Cells (11 dpi) were analyzed for their expression of Gag in the supernatants by ELISA
or in the cell fraction by Western blotting followed by the densitometric analysis (n = 5). *p < 0.05. FC, fibrocyte; M®, macrophage.

peripheral blood CD34" cells could be infected with HIV-1 but expressed HIV-1 mRNA at low levels and strongly resisted
in vitro (14, 15) and in vivo (16). However, it is unclear which HIV-1-induced cell death, which enabled them to support an ex-
populations of peripheral blood CD34" cells are infected with tremely long-term HIV-1 production at low but steady levels
HIV-1. Our finding suggests that fibrocytes are one of the HIV-1- (Figs. 3-5). A recent study implies that tissue fibrocytes have
susceptible peripheral blood CD34" populations (Figs. 6, 7). a relatively long (>6 mo) lifespan (63). Thus, our findings suggest

Despite its potency to suppress HIV-1 replication, ART does not the importance of considering fibrocytes as one of the long-lived
eliminate HIV-1 reservoirs, and it needs lifelong adherence to persistently infected cells for curing HIV-1.

regimens that are associated with toxic effects. Although resting In this study, we further confirmed that differentiated fibrocytes
memory CD4" T cells are the important HIV-1 reservoir (1), there and macrophages share several phenotypes but not identically
is increasing evidence that HIV-1 exists also in other cells (2-7). (Figs. 1, 2), for instance, in their expression of M-CSF receptor
A clear demonstration that macrophages are an HIV-1 reservoir is (Fig. 2B). It is therefore likely that fibrocytes are not necessarily
lacking because of the difficulty in obtaining tissue samples (62). differentiated from classical monocytes. Interestingly, our result
However, given their characteristics, including the long-term HIV- suggests that circulating fibrocytes are more susceptible to HIV-1
1 production and resistance to HIV-1-induced cell death, macro- than are classical monocytes: although the viral production of
phages could serve as one of HIV-1 reservoirs (9). In this study, the fibrocyte-inducing cultures was lower than that of the
we demonstrated that fibrocytes exhibited persistently infected macrophage-inducing cultures, the viral integration of the former
cell-like phenotypes, the degree of which was more apparent than was much higher than that of the latter (Fig. 6). The finding further
macrophages: fibrocytes produced replication-competent HIV-1, supports the idea that circulating fibrocytes are cells other than
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classical monocytes, or a subpopulation of monocytes (17-20).
Circulating fibrocytes comprise a small fraction in peripheral
blood. However, because it appears that circulating fibrocytes are
more susceptible to HIV-1 than are classical monocytes, the cells
of fibrocyte lineage may play a role in HIV-1 infection different
from monocytes/macrophages.

The differentiated fibrocytes support the extremely long-term
HIV-1 production at low but steady levels (Fig. 3F), suggesting
that HIV-1 is better adapted to reside in fibrocytes than in mac-
rophages. The molecular mechanism that determines these unique
features of HIV-1-infected fibrocytes remains to be determined.
Although we did not find obvious differences in expression levels
of host genes involved in the regulation of HIV-1 proviral tran-
scription or apoptosis-related genes between infected fibrocytes
and infected macrophages in the preliminary microarray analysis
(Supplemental Fig. 3D), more careful time course analysis will be
needed. It will also be necessary to compare how different viral
inocula, including lower inoculum, induce the viral replication and
cellular survival in macrophages and fibrocytes in more detail.

We detected HIV-1 proviral DNA in the CD3 CD14*CD16~
CD34" peripheral blood fibrocyte-enriched fraction of ART-
untreated chronically HIV-1-infected patients, the frequency of
which was higher than that of monocytes (Fig. 7C). The result was
well consistent with the in vitro findings (Fig. 6). However, the in vivo
HIV-1 infection of fibrocytes must await further investigation because
circulating fibrocytes are not purified yet, which is reflected by the
heterogeneity in the side scatter of the CD3 CDI14*CD16~ CD34*
fraction (Fig. 7A). It was also reported that circulating fibrocytes
could be enriched in the CD34*CD45"CD11b*CD13"*HLA-DR*
fraction (61, 64). HIV-1 persists in latent reservoirs despite optimal
ART, which is the major barrier to curing HIV-1. Thus, it will be also
important to investigate whether fibrocytes could serve as one of HIV-1
reservoirs by assessing HIV-1 proviral DNA in fibrocytes of ART-
treated patients. Because fibrocytes showed elevated levels in diverse
forms of tissue remodeling and fibrosis, as well as in chronic inflam-
mation (17-20), it will be worth investigating whether fibrocytes are
augmented in acute and chronic infections of HIV-1 in tissues such as
lymph nodes. These analyses are required to understand to what extent
fibrocytes, the frequency of which is much lower than CD4" T cells
and monocytes, contribute to the total HIV-1 reservoirs.

In summary, we confirmed that fibrocytes differed from mac-
rophages. More importantly, both in vitro and in vivo results
strongly suggested that fibrocytes could be infected with HIV-1.
Furthermore, the in vitro results suggested that fibrocytes were
susceptible to HIV-1 regardless of their differentiation state and
exhibited persistently infected cell-like phenotypes. Despite the
unresolved important questions mentioned above, the identifica-
tion of fibrocytes as the possible HIV-1 host cells will expand our
knowledge of the pathogenesis of HIV-1.
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