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Mycobacterium tuberculosis and human immunodeficiency virus (HIV) co-infections
have remained a major public health concern worldwide, particularly in Southern Af-
rica. Yet our understanding of the molecular interactions between the pathogens has
remained poor due to lack of suitable preclinical models for such studies. We reviewed
the use, this far, of mammalian cell culture models in HIV-MTB interaction studies.
Studies have described the use of primary human cell cultures, including (1) monocyte-
derived macrophage (MDM) fractions of peripheral blood mononuclear cell (PBMC),

K ds:

H?)/wor s alveolar macrophages (AM), (2) cell lines such as the monocyte-derived macrophage cell
. . line (U937), T lymphocyte cell lines (CEMx174, ESAT-6-specific CD4* T-cells) and an

Mycobacterium tuberculosis P . .

Cell lines alveolar epithelial cell line (A549) and (3) special models such as stem cells, three

dimensional (3D) or organoid cell models (including a blood—brain barrier cell model) in
HIV-MTB interaction studies. The use of cell cultures from other mammals, including:
mouse cell lines [macrophage cell lines RAW 264.7 and J774.2, fibroblast cell lines (NIH
3T3, C3H clones), embryonic fibroblast cell lines and T-lymphoma cell lines (S1A.TB,
TIMIL.4 and R1.1)]; rat (T cells: Rat2, RGE, XC and HH16, and alveolar cells: NR8383)
and primary guinea pigs derived AMs, in HIV-MTB studies is also described. Given the
spectrum of the models available, cell cultures offer great potential for host-HIV-MTB
interactions studies.

Primary cell models
Co-infection

1. Introduction with HIV worldwide are reportedly infected with Mycobacterium
tuberculosis (M. tuberculosis, MTB) [2]. An estimated 9.6 million

Tuberculosis (TB) and HIV/AIDS remain the two most new cases of TB were recorded worldwide in 2014 alone, of

important human communicable diseases globally, especially in
Southern Africa. In 2012 alone, an estimated 12 million people
worldwide reportedly suffered from active TB and 36.9 million
people were living with HIV [11. At least 30% of the people living
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which 1.5 million died and 0.4 million were co-infected with
HIV [11. Co-infection with HIV and MTB reportedly contributes
to the transition of the latter from latency into active TB disease
[3l. Active MTB infections reportedly contribute to HIV
pathogenesis by promoting increased immune activation and an
associated immune exhaustion, which ultimately leads to
immune collapse [4]. Furthermore, co-infection of an individual
with MTB and HIV is known to complicate the diagnosis and
treatment of the two diseases [5].

Co-infection studies are complex as they superimpose multi-
factorial pathogenic pathways associated with each disease.
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When studying a co-infection, it is important to delineate the
contributions of each co-infecting pathogen and to assess the
summative and synergistic effect of their interactions. In co-
infection studies, three major levels of investigation can be
used. Level one involves examining responses of cells from
mono-infected patients in comparison with those infected with
the other pathogen [6]. The second level involves the
examination of infected cells from patients (or animal hosts)
infected with one disease against the effects of the other
causative agent. Level three involves the infection of cell
culture model systems with one or both pathogens. The third
approach, which is the focus of this review, is the one that
provides information on the mechanisms that are involved in
mono- and co-infections.

The use of cell culture models has, this far, furthered our
understanding of interactions between the human host and the
two pathogens (HIV and/or MTB) at the level of the cell, and
contributed immensely to drug discovery. However, crucial gaps
remain in our understanding of the host-HIV-MTB interactions
at the molecular level. This may be attributed, in part, to the lack
of robust in vitro cell models for such studies, since model
systems that allow entry and propagation of the pathogens
remain largely unappraised. The lack of a robust cell culture
system for the two pathogens is a result of the fact that the
pathogens are frequently studied separately in cell and animal
models. This article therefore assesses, based on studies this far,
the potential of cell cultures as models to study HIV-MTB co-
infections.

Use or failure to use one cell culture model or another for co-
infection studies is dependent on the ability of the two pathogens
to infect and replicate in the cells that make up the supposed
model. M. tuberculosis has a tropism for phagocytic cells,
particularly alveolar macrophages (AMs) and lung dendritic
cells (DC). These cell types constitute the majority of lung an-
tigen presenting cells (APC) and defence against pulmonary
infection by phagocytosing foreign particles and presenting
these antigens to immune cells [7]. While the macrophage is
generally considered a primary target cell for MTB, AMs are
most important in the case of pulmonary TB. In fact,
attachment of MTB cells to AMs represents the earliest phase
of primary infection in pulmonary TB [71.

In HIV-1 infection, the CD4* T lymphocyte is the primary
target cell [8]. However, the virus is also able to infect
macrophages, monocytes, DC, epithelial cells (especially the
anogenital mucosa) and microglial cells [8]. While loss of
CD4" T cells and systemic immune hyperactivation are the
hallmarks of primary HIV infection, the end of the acute
infection is associated with the emergence of specific CD4*
and CD8" T cell responses and the establishment of a chronic
phase infection [91. While other cells may harbour HIV
infectious agents, especially DCs, such cells may not generate
productive infections [10]. Macrophages, which are located at
various systemic sites, especially the gastrointestinal mucosa,
constitute a major cellular reservoir for the virus [111.

During the early years of the epidemic, HIV strains were
characterized as macrophage tropic (M-tropic), CD4" T cell
tropic (T-tropic) or both (dual tropic) [12]. The tropism for HIV is
determined by the expression of both CD4 receptors and C—C
chemokine receptor type 5 (CCRS5)/alpha-chemokine (CXCR4)
co-receptors (RS and X4 viruses, respectively) [13]. Notably,
the HIV particles that are transmitted between individuals,
referred to as transmitted or founder viruses are R5 strains [14]

that are minimally tropic for macrophages and DCs —
implying that the infection of macrophages occurs at a later
stage after viral transmission [15]. Vaginal and urethral
macrophages, but not intestinal macrophages, have indeed
been shown to be the initial cell targets for R5 HIV-1 after the
translocation of the virus across the epithelium [15]. It has been
shown that HIV-1-specific antibodies and CD8* cytotoxic T
cells are detected in most HIV-1-infected people, yet HIV-1
infection is not eradicated. This is a result of the failure of
DCs to sense HIV-1 during acute infection and hence, failure to
effectively activate naive HIV-1-specific T cells [16]. DCs play
an important role in transporting virus from initial infection
sites (usually the genital mucosa) to the draining lymph nodes.

Furthermore, the progression of HIV or MTB within a host is
controlled by an interplay between the interacting pathogens and
a number of host-specific factors, especially those that are
associated with cellular immunity [17]. Both HIV and MTB are
known to modulate the function of many immune cells,
including macrophages, DCs and CD4* and CD8"* T cells in
humans [17]. While alveolar macrophages are the initial target
for MTB [18], they can also be infected with HIV [17]. The
pathways by which MTB enhances HIV replication in co-
infected macrophages, as shown so far, include the modulation
of an enhancer binding protein beta transcription factor
(CCAAT) (191, interleukins 1BIL-1PB), IL-6 and IL-8, and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
production [20] and the activation of the NF-kB pathway [21].

In short, both HIV and MTB show variable tropisms for
specific cells, particularly alveolar macrophages [22], depending
on the receptors that are expressed on the surfaces of recipient
cells. While the mechanisms that underlie the interactions
between HIV or MTB and the host cell are starting to emerge,
there remains a need to identify the full complement of
receptors and cell-based immune factors that influence HIV-1/
MTB co-infections. Cell culture models, especially those of
human origin, can offer a tractable system to understand host—
pathogen interactions without the need to use animal or human
subjects.

2. Immortalised and primary cell culture models in
host-pathogen interaction studies

Immortalised cell lines and primary cell cultures, both of
which are often used in host—pathogen interaction studies, offer
several advantages over patient-based studies. These include the
fact that they are cost effective, easy to use and are often ethically
acceptable alternative models of human disease [23].
Immortalisation makes these cells less physiologically relevant
than primary cells as models for host—pathogen interaction
studies. However, a few immortalised cell cultures including a
mouse AM cell line (MH-S) and a human ovarian surface
epithelium cell line (HOSEI line) are known to behave like
primary cells [24]. The immortalised cells offer exclusive
advantages over other cell cultures in that they are readily
infected with both pathogens, have high proliferation rates and
long lifespans, maintain their phenotype in culture, provide
enough experimental source materials for extensive study and
produce homogenous cell populations which ensure consistency
and reproducibility of findings [23]. For these reasons,
immortalised cell cultures have become a standard in vitro tool
for host—pathogen interaction studies despite the inherent failure
of these models to fully simulate human diseases.
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Successful use of primary and immortalised cell cultures in
HIV or MTB studies has been demonstrated [25]. Primary cell
cultures offer an added advantage over immortalised cells in
that they closely mimic the environment of pathogens in vivo
[26]. However, the use of primary or immortalised cultured
cells is limited by a number of inherent weaknesses, including
the fact that (i) most immortalised cell lines cannot fully
mimic the in vivo cell conditions, [27] (ii) structures on the
surface of cultured cells, including receptors, are increasingly
modified with increase in the passage number, [28] (iii)
cultured cells lack access to the native environment that
typically modulates their phenotype in vivo (28] and (iv) the
cells do not retain in vivo functionality and morphology [291.
Primary cell culture models present an additional limitation in
that they are practically difficult to propagate to sufficient
numbers for host—pathogen interaction experiments [30].
Hence, primary cells and immortalised lines are not optimal
models for highly specialized cell types that characterise
diseased tissue in vivo. To circumvent challenges posed by
immortalised and primary cell cultures in host—pathogen
interactions, stem cell culture models have emerged, which
include pluripotent cells.

3. Cell culture models for HIV-MTB co-infection
studies

3.1. The potential of human-derived primary cell
cultures as models for HIV-MTB co-infection studies

3.1.1. Human peripheral blood mononuclear cells
(PBMCs)

The use of PBMCs, including lymphocytes and monocytes in
HIV-MTB co-infection studies has also been described. The
successful use of PBMCs in host—pathogen interaction studies
has permitted the elucidation of basic pathogenic mechanisms,
including the demonstration of the enhancement effect of MTB
on HIV replication, relying on the modulating function of
monocytes, tumour necrosis factor alpha (TNF-a) and monocyte
chemo-attractant protein-1 (MCP-1) cytokine pathways [31]. A
recent study by Wilkinson er al. (321 demonstrated the
occurrence of tuberculosis-associated immune reconstitution in-
flammatory syndrome among HIV-TB-co-infected patients
commencing antiretroviral therapy (ART) using an ex vivo cul-
ture of PBMCs. In the same study, Wilkinson er al. [31]
demonstrated that infection with MTB and ART influences
gene expression in freshly isolated and cultured PBMCs from
HIV-infected individuals. Vijayakumar et al. [25] described the
use of an in vitro cell model comprising PBMCs and
monocyte-derived macrophages (MDM) in a study on in-
teractions between Mycobacterium bovis (M. bovis) BCG and
HIV-1, as well as in drug toxicity and activity studies in a co-
infection. Subsets of the PBMCs, especially monocytes and T
cells, have provided important information on the attachment,
entry and replication of MTB and HIV, making such cells a useful
platform for complex host-HIV-MTB interaction studies [25].

3.1.2. Human ex vivo monocyte derived macrophages
(MDM)

The use of ex vivo MDM cultures, a fraction of the PBMC, in
TB and HIV research has also been described [33]. Campbell
et al. [34] showed a link between autophagy in human MDM

and vitamin D3-induced innate immunity, and consequently
demonstrated the potential of vitamin D3 as therapy for HIV—
MTB infections. Furthermore, MDM have been used as a model
for transcriptomic and proteomic profiling of HIV or MTB in
host macrophages [35.36]. Chertova et al. [35] detected at least
250 host proteins and at least 29 viral proteins in HIV infected
human MDM. Ragno et al. [36] demonstrated the modulation
of a number of TB related factors in MDM. The fact that
macrophages constitute a reservoir for both HIV and MTB
[11.37] and that specialise in internalising
intracellular pathogens, makes these cells a convenient tool to
study HIV-MTB co-infections.

these cells

3.1.3. Human ex vivo alveolar macrophages (AM)

In addition to the human MDM, the use of AM, which are
differentiated from monocytes and obtained by bronchiolar
lavage, in studies that seek to understand interactions between
the host and HIV-1/MTB has also been described [38]. Through
the use of human AM, Spira er al. [39] demonstrated the
importance of the modulation of TNF-a expression in
defending the host against tuberculosis. Furthermore, Silver
et al. [40] showed that infection of an individual with the
H37Rv strain of MTB upregulates the expression of IL-23 in
the AM but not in PBMC derived macrophages, pointing to-
wards the importance of the cytokine in pulmonary infection
with the bacterium. Besides being able to permit the attachment,
entry and replication of HIV and MTB, AM also express a range
of immune factors, namely Thl cytokines (IL-2 and IFN-y)or
Th2 cytokines (IL-4 and IL-10) in response to infection with
either or both pathogens [41]. These features make AM a
convenient model for HIV-MTB co-infections and related
drug discovery studies.

3.1.4. Human ex vivo T lymphocytes

While HIV-1 infects various cell types of the immune sys-
tem, CD4" T helper cells constitute a major target for the virus.
CD4" T cells express high levels of the HIV-1 receptor CD4 on
their surface and are highly permissive to HIV-1 replication [42].
Ex vivo human T lymphocytes and other immune cells obtained
from HIV-MTB infected and disease free individuals have been
used in studies on interactions between the two pathogens and
the human host [43]. Protocols to isolate and culture CD4* and
CD8* T cells from PBMCs are widely described. Primary
cultures of T lymphocytes obtained ex vivo have provided
vital clues on the pathogenesis of HIV and MTB.

Despite the limitations that are associated with these models,
the data gathered from primary cells in vitro can be readily
extrapolated to the in vivo disease situation. The fact that human
macrophages are a common reservoir for HIV and MTB validates
the use of these cells as models for HIV-MTB co-infections.

4. The potential of human-derived cell lines as models
for HIV-MTB co-infection studies

Studies have described the use of human derived cell models
in HIV and/or MTB research, including the use of (i) U937, [6]
(ii) T lymphocytes (CEMx174, ESAT-6-specific CD4* T-cells),
[44.45] and (iii) alveolar epithelial cells (A549) [46.47]. U937
(American Type Culture Collection — ATCC® CRL1593.2™)
is a human monocyte-derived macrophage cell line that was
established from the pleural effusion of a patient with histiocytic
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lymphoma [48]. The U937 cell line expresses receptors CD13,
CD15 and CD33, and mRNA for the c-myc oncogene [6]. The
use of U937 cells has led to the discovery of a number of
MTB proteins, including Rv2004c-6, Rv1510, [49]1 Rv1268c,
[46] and protein 16084, a peptide of Rv2707 [50]. Wang et al.
(511 used the U937 cell line to demonstrate that phosphotyrosyl
phosphatase activator (PtpA), phosphatase, is essential for the
pathogenesis of MTB. In the same studies, Wang er al. [52]
showed that MTB subverts the host innate immunity by co-
opting host ubiquitin, a pathway which can be exploited as a
drug target. The U937 cell line is therefore a convenient model
for HIV-MTB drug discovery and pathogenesis studies.

Interactions between HIV and MTB with their host have also
been demonstrated using the A549 cell line [44.52]. The use of
A549 in HIV-1 drug discovery studies has also been described
[51]. Using this cell line, protein arginine methyltransferase 6
(PRMT6) was shown to methylate the HIV-1 Tat and, hence,
to act as a restriction factor for HIV replication [47]. This has
shown the importance of the A549 cell line as a convenient
model for further studies on MTB/HIV pathogenesis,
including vaccine design.

4.1. Stem cells

To circumvent the limitations that are inherent in immortal-
ised and primary cell cultures as highlighted above, researchers
are now opting for stem cell technology as a viable alternative
for MTB/HIV pathogenesis/interaction studies. Stem cells are
pluripotent and non-specialised cells with the potential to
differentiate into other types of specific cells, such as blood,
brain, tissue or muscle cells [30]. Newer developments in the
field have seen the development of induced pluripotent stem
cells (iPSC), which are genetically modified stem cells that
behave like embryonic stem cells [53]. Multiple studies have
reported a great potential of iPSC on interactions between
HIV-MTB with the host cells [54.55] and their use as
functional cure for HIV [56-58]. Recent developments have
shown that the incorporation of anti-HIV lentiviral vectors in
stem cells offers renewed hope for developing safer therapeutic
interventions with long-lived efficacy against HIV [56.57]. Stem
cells are also a convenient tool for vaccine design against HIV
[58]. Stem cell based vaccine design protocols involve the
induction of somatic cells to iPSC, expansion of iPSC, genetic
or chemical modification to produce immune cells, in vitro
antigen presentation and processing which culminate in the
production of memory B cells that can secrete functional
antibodies [58]. The generated cells are then transplanted back
into the host as a vaccine [58].

However, despite the recent expansion in the use of stem
cells in host—pathogen interactions, their use has not been
without limitations. The existing iPSC protocols do not allow for
efficient direction of these cells into desired lineages [54].
Additionally, as in the case of primary cell culture models,
stem cell yields are frequently inadequate for each study [54].
The use of iPSC, like all other modified cell culture models,
has an inherent limitation in that outcomes from the model do
not fully mimic those of the disease (541 To circumvent these
obstacles, even newer approaches have been developed
including the use of three-dimensional (3D) organoid cultures
using iPSC, xenotransplantation of human cells into animal
models and multiple cell co-culture models that include cells
derived from isogenic iPSC.

Nonetheless, the advantages of using stem cells out-weigh
the limitations highlighted above. As such, stem cells present
a great potential as models for vaccine design, particularly
against HIV-1.

4.2. Three dimensional (3D)/organoid models

Recent developments have made it possible to direct the
differentiation of human pluripotent stem cells (hPSC) into 3D
organoid cultures in vitro using a temporal series of growth
factor manipulations to mimic embryonic tissue development.
Lancaster et al. [59] reported the development of an hPSC
derived 3D brain organoid culture system (cerebral organoid),
which they claimed differentiates into various discrete, though
interdependent, brain regions. If validated, such a development
can serve as an essential tool to create various tissues that
mimic targets for HIV and MTB. Three dimensional (3D)
assays allow for the evaluation of host—pathogen interactions
in multicellular tissues.

In people infected with MTB, the bacterial cells are ‘walled
off” in granulomas/tubercles away from the immune system [60].
There is a need to recreate conditions in vitro in order to
understand the reasons that underlie the long hibernation of
MTB in granulomas and the transition of MTB from latency
into active TB disease, and discover drugs that target the
bacterium in tubercles. The development of granulomas
in vitro using conventional cell cultures has been described
with variable success [61]. Guirado et al. [61] demonstrated the
development of granulomas from a human PBMC culture. Al
Shammari et al. [62] also described the development and use
of a 3D cell culture model of tuberculosis granuloma
formation. So far, the use of 3D iPSC technology in
granuloma formation has not been described. We perceive the
use of iPSC in 3D cell culture technology, with potential to
form granulomas, as a future for HIV-MTB research.

4.3. Human blood—brain barrier (BBB) cell model

HIV-1 is known to cross the BBB to invade the central
nervous system during the early stages of the viral infection,
which culminates in the impairment of neurons, becoming
evident several years later [63]. A number of models that simulate
the BBB for HIV research have been described [63]. Persidsky
et al. 163] describes a model of the BBB consisting of a
matrix-coated membrane with brain microvascular endothelial
(BMVEC) cells on one side and astrocytes on the other. This
model demonstrated the formation of tight junctions between the
astrocytes and the monolayer of BMVEC cells, the development
of filopodia, lysosomes, and vesicular Golgi complexes, and the
upregulation of proinflammatory cytokines (TNF-a, IL-6, and
IL-10) [64]. Cell culture models can therefore be useful tools for
studying the entry of HIV across the BBB.

5. The potential of primary murine cell cultures as
models for HIV-MTB co-infection studies

5.1. Mouse primary cells and cell lines
The use of mice in HIV research is limited by the lack of

infectivity of the mice cells by HIV, lack of factors necessary for
HIV-1 replication and the expression factors that interfere with
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retroviral replication [63]. However, the use of a number of murine
cell lines in HIV research has been described, including the
macrophage cell lines RAW 264.7 (ATCC® TIB71™), [64]
J774.2 (ATCC® TIB-67™), [65] fibroblast cell lines including
NIH 3T3 (ATCC® CRL1658™), [66] C3H clones (ATCC®
CCL226™ and ATCC® CRL1411™), embryonic fibroblast cell
lines, [67] T-lymphoma cell lines SIA.TB, TIMI.4 and R1.1.
Despite the fact that mouse T cells restrict the integration of
virus genome during replication, RAW 264.7 cells has
frequently been described in HIV research, especially in
pathogenesis and drug discovery studies [64]. The use of RAW
264.7 cells in MTB research is also described [68]. Another
murine macrophage cell line, J774.2 (ATCC® TIB-67™), has
also found a place in HIV and TB research. The use of J774.2
cells has been described in multiple studies, including drug
discovery against HIV and MTB [69.70].

5.2. Rattus cell line models for MTB and HIV studies

Only a few rat cell lines have been used in HIV and TB
research, especially XC (ATCC® CCL-165™) [71.72]. A study
by Goffinet et al. (711 showed that rat cells (Rat2, RGE, XC
and HH16) complete all of the early steps in the HIV-1 repli-
cation cycle, including provirus integration in vivo, with high
efficiency and elevated HIV gene expression in primary rat T-
cells. However, a study by Bieniasz and Cullen [73] showed that
HIV-1 has limited entry efficiency in rat cells. Hino er al. [72]
demonstrated that BCG-infected rat alveolar cells (NR8383)
are a potential in vitro model for chronic infection with MTB.
The fact that rat cell lines have limited permissibility for HIV
entry makes them a less preferred model for HIV-MTB research
compared to human cell models.

5.3. Cavine cell lines for MTB and HIV studies

Guinea pigs, besides being used as animal models for various
diseases including TB and HIV, are also widely used as a source
of cell cultures for studies on the pathogenesis of MTB [74]. A
protocol to isolate AM from guinea pigs, which includes a
bronchoalveolar lavage technique, is widely described [741.
The guinea pig AM cells may be a more ethically acceptable
model for host pathogen interactions than human derived cell
lines and primary cultures.

6. The potential of cell culture models in high
throughput studies of HIV-MTB co-infections

High throughput techniques, which incorporate automation
of experiments to allow large scale repetitions in tests including
cell-based arrays, have become a new frontier for drug discovery
[751. Christophe et al. [76] described a high-throughput and high-
content workflow, which incorporates the use of cell culture and
imaging technology in the development of new TB drugs. Jiang
et al. [77] also described a high throughput method that uses
human embryonic kidney 293 (HEK293T) cells to study gene
expression in the presence of HIV. High throughput
techniques can be adapted to any cell model that is permissive
to attachment, entry or replication of HIV and MTB. The high
throughput technique is an essential addition to cell culture
modelling, which permits researchers to obtain reliable results
faster.

7. Conclusion

Cell culture models, especially those of human origin, have
great potential as models to study interactions between HIV
and MTB in co-infected individuals, or to study host re-
sponses to either or both pathogens. Human macrophages,
including AM and MDM, bear an unparalleled potential as
models for these co-infections due to their permissiveness for
HIV and MTB attachment, entry and replication, and their
capacity to elicit host specific cell-based immunity in the
presence of either or both pathogens. Rat and mouse cell
cultures offer limited potential since they do not efficiently
support all stages of HIV replication. The exploitation of stem
cell technologies such as iPSC, whose differentiation can be
directed as desired and 3D cell culture models are recent
developments that have provided a new dimension to the field
of host—pathogen interactions. The incorporation of high
throughput technologies to cell culture modelling has pushed
the frontiers of HIV-MTB co-infection research allowing re-
searchers to have more options for host—pathogen interaction
studies. While multiple cell culture models are available for
host-HIV-MTB interaction studies, the complexity of such
interactions demands the development and validation of more
cell culture models.

Conflict of interest statement

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgements

Mycobactomics, a group headed by Associate Professor
Samantha L. Sampson, under which this paper was produced is
funded by the South African Research Chairs Initiative of the
Department of Science and Technology and National Research
Foundation (NRF) of South Africa, award number UID 86539.
The content is solely the responsibility of the authors and does
not necessarily represent the official views of the NRF.

References

[1] Joint United Nations Programme on HIV/AIDS (UNAIDS).
UNAIDS announces that the goal of 15 million people on life-saving
HIV treatment by 2015 has been met nine months ahead of schedule,
Press Release [Online]. Available from: http://www.unaids.org/en/
resources/presscentre/pressreleaseandstatementarchive/2015/july/
20150714_PR_MDGé6report [Accessed on 18th November, 2015].
World Health Organisation (WHO). Global tuberculosis report
[Online]. Available from: http://apps.who.int/iris/bitstream/10665/
191102/1/9789241565059_eng.pdf?ua=1 [Accessed on 18th
November, 2015].

Toossi Z, Mayanja-Kizzy H, Hirsch CS, Edmonds KL,
Spahlinger T, Hom DL, et al. Impact of tuberculosis (TB) on HIV-
1 activity in dually infected patients. Clin Exp Immunol 2001;
123(2): 233-238.

Kaech SM, Wherry EJ, Ahmed R. Effector and memory T-cell
differentiation: implications for vaccine development. Nat Rev
Immunol 2002; 2(4): 251-262.

Swaminathan S, Padmapriyadarsini C, Narendran G. HIV-associ-
ated tuberculosis: clinical update. Clin Infect Dis 2010; 50(10):
1377-1386.

Saeidi A, Tien VL, Al-Batran R, Al-Darraji HA, Tan HY,
Yong YK, et al. Attrition of TCR Va7.2* CD161** MAIT cells in

[2

—

[3

—

[4

—_

[5

—_

[6

[t}


http://www.unaids.org/en/resources/presscentre/pressreleaseandstatementarchive/2015/july/20150714_PR_MDG6report
http://www.unaids.org/en/resources/presscentre/pressreleaseandstatementarchive/2015/july/20150714_PR_MDG6report
http://www.unaids.org/en/resources/presscentre/pressreleaseandstatementarchive/2015/july/20150714_PR_MDG6report
http://apps.who.int/iris/bitstream/10665/191102/1/9789241565059_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/191102/1/9789241565059_eng.pdf?ua=1
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref3
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref3
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref3
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref3
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref4
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref4
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref4
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref5
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref5
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref5
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref6
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref6
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref6
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref6

[7

—

[8

[t

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

Walter Chingwaru et al./Asian Pacific Journal of Tropical Medicine 2016; 9(9): 832-838

HIV-tuberculosis co-infection is associated with elevated levels of
PD-1 expression. PLoS One 2015; 10(4): e0124659.
Silva-Sanchez A, Meza-Perez S, Flores-Langarica A, Donis-
Maturano L, Estrada-Garcia I, Calderén-Amador J, et al. ESAT-6
targeting to DEC205" antigen presenting cells induces specific-T
cell responses against ESAT-6 and reduces pulmonary infection
with virulent Mycobacterium tuberculosis. PLoS One 2015; 10(4):
e0124828.

Perez R, Gibson S, Lopez P, Koenig E, De Castro M,
Yamamura Y. Distribution of HIV-1 infection in different T
lymphocyte subsets: antiretroviral therapy-naive vs. experienced
patients. AIDS Res Hum Retroviruses 2011; 27(4): 399-410.
Fevrier M, Dorgham K, Rebollo A. CD4™ T cell depletion in hu-
man immunodeficiency virus (HIV) infection: role of apoptosis.
Viruses 2011; 3(5): 586-612.

Janas AM, Dong C, Wang JH, Wu L. Productive infection of
human immunodeficiency virus type 1 in dendritic cells requires
fusion-mediated viral entry. Virology 2008; 375(2): 442-451.
Brown D, Mattapallil JJ. Gastrointestinal tract and the mucosal
macrophage reservoir in HIV infection. Clin Vaccine Immunol
2014; 21(11): 1469-1473.

Rana S, Besson G, Cook DG, Rucker J, Smyth RJ, Yi Y, et al. Role
of CCRS in infection of primary macrophages and lymphocytes by
macrophage-tropic strains of human immunodeficiency virus:
resistance to patient-derived and prototype isolates resulting from
the delta ccr5 mutation. J Virol 1997; 71(4): 3219-3227.

Bleul CC, Wu L, Hoxie JA, Springer TA, Mackay CR. The HIV
coreceptors CXCR4 and CCRS are differentially expressed and
regulated on human T lymphocytes. Proc Natl Acad Sci USA 1997;
94(5): 1925-1930.

Shaw GM, Hunter E. HIV transmission. Cold Spring Harb Per-
spect  Med 2012; 2(11); http://dx.doi.org/10.1101/cshper-
spect.a006965. pii: a006965.

Ganor Y, Zhou Z, Bodo J, Tudor D, Leibowitch J, Mathez D, et al.
The adult penile urethra is a novel entry site for HIV-1 that pref-
erentially targets resident urethral macrophages. Mucosal Immunol
2013; 6(4): 776-786.

Luban J. Innate immune sensing of HIV-1 by dendritic cells. Cell
Host Microbe 2012; 12(4): 408-418.

Diedrich CR, Flynn JL. HIV-1/Mycobacterium tuberculosis co-
infection immunology: how does HIV-1 exacerbate tuberculosis?
Infect Immun 2011; 79(4): 1407-1417.

Behler F, Steinwede K, Balboa L, Ueberberg B, Maus R,
Kirchhof G, et al. Role of Mincle in alveolar macrophage-
dependent innate immunity against mycobacterial infections in
mice. J Immunol 2012; 189(6): 3121-3129.

Weiden M, Tanaka N, Qiao Y, Zhao BY, Regina Maus,
Gabriele Kirchhof, et al. Differentiation of monocytes to macro-
phages switches the Mycobacterium tuberculosis effect on HIV-1
replication from stimulation to inhibition: modulation of inter-
feron response and CCAAT/enhancer binding protein beta
expression. J Immunol 2000; 165(4): 2028-2039.

Bergamini A, Bolacchi F, Bongiovanni B, Colizzi V, Cappelli G,
Uccella I, et al. Human immunodeficiency virus type 1 infection
modulates the interleukin (IL)-1beta and IL-6 responses of human
macrophages to CD40 ligand stimulation. J Infect Dis 2000;
182(3): 776-784.

Tomlinson GS, Bell LC, Walker NF, Tsang J, Brown JS, Breen R,
et al. HIV-1 infection of macrophages dysregulates innate immune
responses to Mycobacterium tuberculosis by inhibition of inter-
leukin-10. J Infect Dis 2014; 209(7): 1055-1065.

Pawlowski A, Jansson M, Skold M, Rottenberg ME, Kallenius G.
Tuberculosis and HIV co-infection. PLoS Pathog 2012; 8(2):
e1002464.

Wang F, Wu LA, Li W, Yang Y, Guo F, Gao Q, et al. Immor-
talized mouse dental papilla mesenchymal cells preserve odonto-
blastic phenotype and respond to bone morphogenetic protein 2.
In Vitro Cell Dev Biol Anim 2013; 49(8): 626-627.

Maeda T, Tashiro H, Katabuchi H, Begum M, Ohtake H,
Kiyono T, et al. Establishment of an immortalised human ovarian

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

837

surface epithelial cell line without chromosomal instability. Br J
Cancer 2005; 93(1): 116-123.

Vijayakumar S, Finney John S, Nusbaum RJ, Ferguson MR,
Cirillo JD, Olaleye O, et al. In vitro model of mycobacteria and
HIV-1 co-infection for drug discovery. Tuberculosis (Edinb) 2013;
93(Suppl): S66-S70.

Trosko JE, Chang CC. Factors to consider in the use of stem cells
for pharmaceutic drug development and for chemical safety
assessment. Toxicology 2010; 270(1): 18-34.

Gregoire L, Rabah R, Schmelz EM, Munkarah A, Roberts PC,
Lancaster WD. Spontaneous malignant transformation of human
ovarian surface epithelial cells in vitro. Clin Cancer Res 2001,
7(12): 4280-4287.

Ramanan V, Scull MA, Sheahan TP, Rice CM, Bhatia SN. New
methods in tissue engineering: improved models for viral infection.
Ann Rev Virol 2014; 1: 475-499.

Pappas D. Practical cell analysis. West Sussex: John Wiley and
Sons; 2010, p. 4.

Miura TA, Holmes KV. Host-pathogen interactions during coro-
navirus infection of primary alveolar epithelial cells. J Leukoc Biol
2009; 86(5): 1145-1151.

Wilkinson KA, Walker NF, Meintjes G, Deffur A, Nicol MP,
Skolimowska KH, et al. Cytotoxic mediators in paradoxical HIV-
tuberculosis immune reconstitution inflammatory syndrome.
J Immunol 2015; 194(4): 1748-1754.

Andreani G, Celentano AM, Solana ME, Cazorla SI,
Malchiodi EL, Peralta LAM, et al. Inhibition of HIV-1 replication
in human monocyte-derived macrophages by parasite Trypano-
soma cuzi. PLoS One 2009; 4(12): e8246.

Yuk JM, Shin DM, Lee HM, Yang CS, Jin HS, Kim KK, et al.
Vitamin D3 induces autophagy in human monocytes/macrophages
via cathelicidin. Cell Host Microbe 2009; 6(3): 231-243.
Campbell GR, Spector SA. Hormonally active vitamin D3
(lalpha,25-dihydroxycholecalciferol) triggers autophagy in human
macrophages that inhibits HIV-1 infection. J Biol Chem 2011;
286(21): 18890-18902.

Chertova E, Chertov O, Coren LV, Roser JD, Trubey CM,
Bess JW Jr, et al. Proteomic and biochemical analysis of purified
human immunodeficiency virus type 1 produced from infected
monocyte-derived macrophages. J Virol 2006; 80(18): 9039-9052.
Ragno S, Romano M, Howell S, Pappin DJ, Jenner PJ, Colston MJ.
Changes in gene expression in macrophages infected with Myco-
bacterium tuberculosis: a combined transcriptomic and proteomic
approach. Immunology 2001; 104(1): 99-108.

Imperiali FG, Zaninoni A, La Maestra L, Tarsia P, Blasi F,
Barcellini W. Increased Mycobacterium tuberculosis growth in
HIV-1-infected human macrophages: role of tumour necrosis fac-
tor-alpha. Clin Exp Immunol 2001; 123(3): 435-442.

Toossi Z, Nicolacakis K, Xia L, Ferrari NA, Rich EA. Activation
of latent HIV-1 by Mycobacterium tuberculosis and its purified
protein derivative in alveolar macrophages from HIV-infected in-
dividuals in vitro. J Acquir Immune Defic Syndr Hum Retrovirol
1997; 15(5): 325-331.

Spira A, Carroll JD, Liu G, Aziz Z, Shan V, Kornfeld H, et al.
Apoptosis genes in human alveolar macrophages infected with
virulent or attenuated Mycobacterium tuberculosis: a pivotal role
for tumor necrosis factor. Am J Respir Cell Mol Biol 2003; 29(5):
545-551.

Silver RF, Walrath J, Lee H, Jacobson BA, Horton H,
Bowman MR, et al. Human alveolar macrophage gene responses to
Mycobacterium tuberculosis strains H37Ra and H37Rv. Am J
Respir Cell Mol Biol 2009; 40(4): 491-504.

Bonecini-Almeida MG, Lapa e Silva JR, Kritski AL Jr, Neves I,
Morgado MG, Nathan C, et al. Immune response during HIV and
tuberculosis co-infection. Mem Inst Oswaldo Cruz 1998; 93(3):
399-402.

Lifson JD, Feinberg MB, Reyes GR, Rabin L, Banapour B,
Chakrabarti S, et al. Induction of CD4-dependent cell fusion by
the HTLV-III/LAV envelope glycoprotein. Nature 1986; 323:
725-728.


http://refhub.elsevier.com/S1995-7645(16)30139-0/sref6
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref6
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref7
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref7
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref7
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref7
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref7
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref7
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref7
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref7
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref8
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref8
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref8
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref8
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref8
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref9
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref9
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref9
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref9
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref10
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref10
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref10
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref11
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref11
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref11
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref12
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref12
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref12
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref12
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref12
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref13
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref13
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref13
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref13
http://dx.doi.org/10.1101/cshperspect.a006965
http://dx.doi.org/10.1101/cshperspect.a006965
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref15
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref15
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref15
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref15
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref16
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref16
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref17
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref17
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref17
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref18
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref18
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref18
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref18
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref19
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref19
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref19
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref19
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref19
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref19
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref20
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref20
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref20
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref20
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref20
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref21
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref21
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref21
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref21
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref22
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref22
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref22
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref23
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref23
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref23
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref23
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref24
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref24
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref24
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref24
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref25
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref25
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref25
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref25
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref26
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref26
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref26
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref27
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref27
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref27
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref27
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref28
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref28
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref28
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref29
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref29
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref30
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref30
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref30
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref31
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref31
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref31
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref31
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref32
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref32
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref32
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref32
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref33
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref33
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref33
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref34
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref34
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref34
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref34
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref35
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref35
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref35
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref35
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref36
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref36
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref36
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref36
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref37
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref37
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref37
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref37
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref38
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref38
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref38
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref38
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref38
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref39
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref39
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref39
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref39
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref39
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref40
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref40
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref40
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref40
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref41
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref41
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref41
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref41
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref42
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref42
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref42
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref42

838

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

Walter Chingwaru et al./Asian Pacific Journal of Tropical Medicine 2016; 9(9): 832-838

Brenchley JM, Hill BJ, Ambrozak DR, Price DA, Guenaga FJ,
Casazza JP, et al. T-cell subsets that harbor human immunodefi-
ciency virus (HIV) in vivo: implications for HIV pathogenesis.
J Virol 2004; 78(3): 1160-1168.

Chan EY, Qian WJ, Diamond DL, Liu T, Gritsenko MA,
Monroe ME, et al. Quantitative analysis of human immunodefi-
ciency virus type 1-infected CD4" cell proteome: dysregulated cell
cycle progression and nuclear transport coincide with robust virus
production. J Virol 2007; 81(14): 7571-7583.

Mustafa AS, Shaban FA, Al-Attiyah R, Abal AT, El-Shamy AM,
Andersen P, et al. Human Thl cell lines recognize the Mycobac-
terium tuberculosis ESAT-6 antigen and its peptides in association
with frequently expressed HLA class II molecules. Scand J
Immunol 2003; 57(2): 125-134.

Ocampo M, Rodriguez DC, Rodriguez J, Bermudez M,
Muiioz Claudia Marina, Patarroyo Manuel Alfonso, et al. Rv1268c
protein peptide inhibiting Mycobacterium tuberculosis H37Rv
entry to target cells. Bioorg Med Chem 2013; 21(21): 6650-6656.
Sivakumaran H, Lin MH, Apolloni A, Cutillas V, Jin HP, Li DS,
et al. Overexpression of PRMT6 does not suppress HIV-1 Tat
transactivation in cells naturally lacking PRMT®6. Virol J 2013; 10:
207.

Sundstrom C, Nilsson K. Establishment and characterization of a
human histiocytic lymphoma cell line (U-937). Int J Cancer 1976;
17(5): 565-5717.

Vera-Bravo R, Torres E, Valbuena JJ, Ocampo M, Rodriguez LE,
Puentes A, et al. Characterising Mycobacterium tuberculosis
Rv1510c protein and determining its sequences that specifically
bind to two target cell lines. Biochem Biophys Res Commun 2005;
332(3): 771-781.

Chapeton-Montes JA, Plaza DF, Curtidor H, Forero M,
Vanegas M, Patarroyo ME, et al. Characterizing the Mycobacte-
rium tuberculosis Rv2707 protein and determining its sequences
which specifically bind to two human cell lines. Protein Sci 2008;
17(2): 342-351.

Wang J, Li BX, Ge PP, Li J, Wang Q, Gao GF, et al. Mycobac-
terium tuberculosis suppresses innate immunity by coopting the
host ubiquitin system. Nat Immunol 2015; 16(3): 237-245.
Forero M, Puentes A, Cortes J, Castillo F, Vera R, Rodriguez LE,
et al. Identifying putative Mycobacterium tuberculosis Rv2004c
protein sequences that bind specifically to U937 macrophages and
A549 epithelial cells. Protein Sci 2005; 14(11): 2767-2780.

Park TH, Zhao R, West JA, Yabuuchi A, Huo H, Ince TA, et al.
Reprogramming of human somatic cells to pluripotency with
defined factors. Nature 2008; 451: 141-146.

Santostefano KE, Hamazaki T, Biel NM, Jin S, Umezawa A,
Terada N. A practical guide to induced pluripotent stem cell
research using patient samples. Lab Invest 2015; 95(1): 4-13.

van Wilgenburg B, Browne C, Vowles J, Cowley SA. Efficient,
long term production of monocyte-derived macrophages from hu-
man pluripotent stem cells under partly-defined and fully-defined
conditions. PLoS One 2013; 8(8): ¢71098.

Kitchen SG, Shimizu S, An DS. Stem cell-based anti-HIV gene
therapy. Virology 2011; 411(2): 260-272.

Walker JE, Chen RX, McGee J, Nacey C. Generation of an HIV-1-
resistant immune system with CD34(+) hematopoietic stem cells
transduced with a triple-combination anti-HIV lentiviral vector.
J Virol 2012; 86(10): 5719-5729.

Yoshizaki S, Nishi M, Kondo A, Kojima Y, Yamamoto N, Ryo A.
Vaccination with human induced pluripotent stem cells creates an
antigen-specific immune response against HIV-1 gpl60. Front
Microbiol 2011; 2: 27.

Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS,
Hurles ME, et al. Cerebral organoids model human brain devel-
opment and microcephaly. Nature 2013; 501(7467): 373-379.
Russell DG. Who puts the tubercle in tuberculosis? Nat Rev
Microbiol 2007; 5(1): 39-47.

Guirado E, Mbawuike U, Keiser TL, Arcos J, Azad AK, Wang SH,
et al. Characterization of host and microbial determinants in

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

individuals with latent tuberculosis infection using a human gran-
uloma model. MBio 2015; 6(1): e02537-14; http://dx.doi.org/
10.1128/mBi0.02537-14.

Al Shammari B, Shiomi T, Tezera L, Bielecka MK, Workman V,
Sathyamoorthy T, et al. The extracellular matrix regulates granu-
loma necrosis in tuberculosis. J Infect Dis 2015; 212(3): 463-473.
Persidsky Y, Stins M, Way D, Witte MH, Weinand M, Kim KS,
et al. A model for monocyte migration through the blood-brain
barrier during HIV-1 encephalitis. J Immunol 1997; 158(7):
3499-3510.

Cui HL, Grant A, Mukhamedova N, Pushkarsky T, Jennelle J,
Dubrovsky L, et al. HIV-1 Nef mobilizes lipid rafts in macrophages
through a pathway that competes with ABCA1-dependent choles-
terol efflux. J Lipid Res 2012; 53(4): 696-708.

Zur Lage S, Goethe R, Darji A, Valentin-Weigand P, Weiss S.
Activation of macrophages and interference with CD4% T-cell
stimulation by Mycobacterium avium subspecies paratuberculosis
and Mycobacterium avium subspecies avium. Immunology 2003;
108(1): 62-69.

De SK, Marsh JW. HIV-1 Nef inhibits a common activation
pathway in NIH-3T3 cells. J Biol Chem 1994; 269(9): 6656-6660.
Niu F, Yao H, Zhang W, Sutliff RL, Buch S. Tat 101-mediated
enhancement of brain pericyte migration involves platelet-derived
growth factor subunit B homodimer: implications for human im-
munodeficiency  virus-associated  neurocognitive  disorders.
J Neurosci 2014; 34(35): 11812-11825.

Pedgaonkar GS, Sridevi JP, Jeankumar VU, Saxena S, Devi PB,
Renuka J, et al. Development of benzo[d]oxazol-2(3H)-ones de-
rivatives as novel inhibitors of Mycobacterium tuberculosis InhA.
Bioorg Med Chem 2014; 22(21): 6134-6145.

VanderVen BC, Fahey RJ, Lee W, Liu Y, Abramovitch RB,
Memmott C, et al. Novel inhibitors of cholesterol degradation in
Mycobacterium tuberculosis reveal how the bacterium's meta-
bolism is constrained by the intracellular environment. PLoS
Pathog 2015; 11(2): e1004679.

Claes P, Cappoen D, Uythethofken C, Jacobs J, Mertens B,
Mathys V. 2,4-Dialkyl-8,9,10,11-tetrahydrobenzo[g]pyrimido
[4,5-c]isoquinoline-1,3,7,12(2H,4H)-tetraones as new leads
against Mycobacterium tuberculosis. Eur J Med Chem 2014; 77:
409-421.

Goffinet C, Michel N, Allespach I, Tervo HM, Hermann V,
Krédusslich HG, et al. Primary T-cells from human CD4/CCRS-
transgenic rats support all early steps of HIV-1 replication
including integration, but display impaired viral gene expression.
Retrovirology 2007; 4: 53.

Hino M, Oda M, Yoshida A, Nakata K, Konchi C, Nishizawa T,
et al. Establishment of an in vitro model using NR8383 cells and
Mycobacterium bovis Calmette-Guerin that mimics a chronic
infection of Mycobacterium tuberculosis. In Vivo 2005; 19(5):
821-830.

Bieniasz PD, Cullen BR. Multiple blocks to human immunodefi-
ciency virus type 1 replication in rodent cells. J Virol 2000,
74(21): 9868-9877.

Sawant KV, McMurray DN. Guinea pig neutrophils infected with
Mycobacterium tuberculosis produce cytokines which activate
alveolar macrophages in noncontact cultures. Infect Immun 2007,
75(4): 1870-1877.

Khandurina J, Guttman A. Microchip-based high-throughput
screening analysis of combinatorial libraries. Curr Opin Chem
Biol 2002; 6(3): 359-366.

Christophe T, Ewann F, Jeon HK, Cechetto J, Brodin P. High-
content imaging of Mycobacterium tuberculosis-infected macro-
phages: an in vitro model for tuberculosis drug discovery. Future
Med Chem 2010; 2(8): 1283-1293.

Jiang WM, Zhang XY, Zhang YZ, Liu L, Lu HZ. A high
throughput RNAI screen reveals determinants of HIV-1 activity in
host kinases. Int J Clin Exp Pathol 2014; 7(5): 2229-2237.


http://refhub.elsevier.com/S1995-7645(16)30139-0/sref43
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref43
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref43
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref43
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref44
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref44
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref44
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref44
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref44
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref44
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref45
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref45
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref45
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref45
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref45
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref46
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref46
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref46
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref46
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref47
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref47
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref47
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref47
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref48
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref48
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref48
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref49
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref49
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref49
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref49
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref49
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref50
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref50
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref50
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref50
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref50
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref51
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref51
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref51
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref52
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref52
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref52
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref52
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref53
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref53
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref53
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref54
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref54
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref54
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref55
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref55
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref55
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref55
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref56
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref56
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref57
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref57
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref57
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref57
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref58
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref58
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref58
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref58
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref59
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref59
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref59
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref60
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref60
http://dx.doi.org/10.1128/mBio.02537-14
http://dx.doi.org/10.1128/mBio.02537-14
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref62
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref62
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref62
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref63
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref63
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref63
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref63
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref64
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref64
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref64
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref64
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref65
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref65
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref65
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref65
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref65
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref65
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref66
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref66
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref67
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref67
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref67
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref67
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref67
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref68
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref68
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref68
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref68
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref69
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref69
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref69
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref69
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref69
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref70
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref70
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref70
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref70
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref70
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref71
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref71
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref71
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref71
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref71
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref71
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref72
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref72
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref72
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref72
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref72
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref73
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref73
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref73
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref74
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref74
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref74
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref74
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref75
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref75
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref75
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref76
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref76
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref76
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref76
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref77
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref77
http://refhub.elsevier.com/S1995-7645(16)30139-0/sref77

	Mammalian cell cultures as models for Mycobacterium tuberculosis–human immunodeficiency virus (HIV) interaction studies: A  ...
	1. Introduction
	2. Immortalised and primary cell culture models in host–pathogen interaction studies
	3. Cell culture models for HIV–MTB co-infection studies
	3.1. The potential of human-derived primary cell cultures as models for HIV–MTB co-infection studies
	3.1.1. Human peripheral blood mononuclear cells (PBMCs)
	3.1.2. Human ex vivo monocyte derived macrophages (MDM)
	3.1.3. Human ex vivo alveolar macrophages (AM)
	3.1.4. Human ex vivo T lymphocytes


	4. The potential of human-derived cell lines as models for HIV–MTB co-infection studies
	4.1. Stem cells
	4.2. Three dimensional (3D)/organoid models
	4.3. Human blood–brain barrier (BBB) cell model

	5. The potential of primary murine cell cultures as models for HIV–MTB co-infection studies
	5.1. Mouse primary cells and cell lines
	5.2. Rattus cell line models for MTB and HIV studies
	5.3. Cavine cell lines for MTB and HIV studies

	6. The potential of cell culture models in high throughput studies of HIV–MTB co-infections
	7. Conclusion
	Conflict of interest statement
	Acknowledgements
	References


