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Abstract

Purpose Diabetes mellitus (DBM) reduces immunological activity and increases susceptibility to various infections, includ-
ing tuberculosis (TB). Human alveolar macrophage (hAM) functions are altered in DBM.

Methods To mimic hyperglycemic conditions in the lung alveolus, we co-cultured a hAM cell line (Daisy cell line) with
human umbilical vein endothelial cells for 48 h in the presence of culture media alone, normal glucose (5 mM), and high
glucose (22 mM). Using flow cytometry, immunophenotype characterization included cell surface markers CD 11c, CD14,
CD16, CD86, CD163, CD169, CD206, CX3CR-1, CSF-1R, and matrix metalloproteinase-9 (MMP9). Phagocytic function
was measured by immunofluorescence microscopy at 24 h after inoculation of cells with GFP-expressing Mycobacterium
smegmatis.

Results Direct exposure of AMs to high glucose and exposure in the co-culture system yield different results for the same phe-
notypic markers. MMP9 expression was increased under both conditions. CD169 and CX3CR1 expressions were decreased
when AMs were exposed directly to high glucose but increased under co-culture. Immunofluorescence assay revealed that
phagocytosis decreased in AMs when directly exposed to increased glucose levels from 2.5 mM to normal glucose (5 mM),
yet AMs under co-culture did not show decreased phagocytosis until concentrations were raised to 25 mM.

Conclusion Alteration in the expression of certain receptors may contribute to defective sentinel function of AMs, pro-
moting susceptibility to TB in a diabetic host. Variability in cell surface marker expression under direct glucose exposure
compared to exposure via co-culture reveals that cell signaling between endothelial cells and AMs may play a crucial role
in the phenotypic expression of AMs.
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Introduction

Tuberculosis (TB) is one of the oldest known communica-
ble diseases and, as it has throughout history, it continues
to persist as a major global health problem [1, 2]. Accord-
ing to the World Health Organization (WHO), pre-existing
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diabetes mellitus (DBM) increases the risk of developing
active TB threefold [2]. While historically type II diabetes
was considered a disease of wealthy countries with food
excess, the trends show that over the last 15 years the inci-
dence of DBM has been rising steadily across the globe,
affecting high- and low-income countries alike [2, 3]. With
these conditions occurring together at an increasing rate,
it is pivotal to improve our understanding of the complex
interplay that makes individuals more susceptible to such
a deadly disease.

DBM is a chronic disease that occurs either when the
pancreas does not produce enough insulin or when the
body cannot effectively use the insulin it produces. Even
though the pancreas attempts to compensate for decreased
effectiveness of insulin, hyperglycemia, or raised blood
sugar, still occurs. This state of increased blood glucose
(sugar) leads to serious damage to many of the body’s
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systems over time. Particularly, DBM reduces immuno-
logical activity and increases susceptibility to various
infections, including TB [4]. Population data clearly
demonstrate this increased risk and in vitro studies have
shown that elevated glucose concentrations directly affect
human alveolar macrophage (hAM) functions, such as
pathogen phagocytosis, removal of senescent cells, and
tissue repair [2, 5, 6]. These alveolar macrophages are
responsible for the clearance of invading microbes in the
lungs and their dysfunction leads to an increased risk of
pulmonary infection, including TB [7, 8]. The phagocytic
function of hAMs and the expression of adhesion mol-
ecules have been studied elsewhere but the overall mecha-
nism of impairment has not yet been fully elucidated.
We herein aimed to investigate the effects of increasing
glucose concentrations on the phenotype and function of
the hAM. A unique co-culture system was designed to
simulate the interstitial environment in which the hAM
resides. hAMs were indirectly exposed to increasing glu-
cose concentrations via a layer of endothelial cells, simi-
lar to what occurs in DBM [8]. Finally, hAMs that had
been exposed to high levels of glucose for an extended
period were isolated and inoculated with Mycobacterium
smegmatis to assess changes in phagocytic function.

Co-culture System
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Fig.1 Co-culture system resembling the pulmonary alveolus. A
unique co-culture system was designed seeking to replicate the envi-
ronment and the interstitial conditions occurring in DBM. Endothe-
lial cells are directly exposed to high blood glucose, while hAMs in
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Materials and Methods
Co-culture System and Cell Assay Conditions

The overall approach to this experiment was to create a vari-
ety of conditions in which hAMs can be exposed to glucose.
Direct exposure of hAMs to increasing glucose concentra-
tions was then compared to indirect exposure via a co-cul-
ture system. A visual representation of the co-culture system
is depicted in Fig. 1. In this system, hAMs are separated by
the contents of the upper well by a layer of endothelial cells
and a micropore membrane. This system tries to replicate the
internal environment of the alveolus, as AMs are not directly
exposed to elevated blood glucose concentrations.

The hAM cell line (Daisy cell line) was maintained in
RPMI-1640 medium supplemented with 10% Fetal Bovine
Serum, and 1% non-essential amino acids and incubated at
37 °C under a 5% CO, atmosphere. Human umbilical vein
endothelial cells (HUVEC) were maintained in Endothe-
lial Cell Growth Medium (Cell Applications, Inc.) and
incubated at 37 °C under 5% CO, atmosphere. D-glucose
solution (Sigma) was added to wells to create various glu-
cose conditions. Concentrations tested include standard
media (2.5 mM), normal glucose (5§ mM), and high glucose
(22 mM). HUVEC cells, in co-culture with hAMs using
collagen-coated transmembrane wells (Cornins), or hAMs
alone were exposed to glucose concentrations described
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the alveolar space interact with the endothelium indirectly. Exposure
to HG, via co-culture, allows cell signaling between endothelial cells
and hAMs
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above. Cells were incubated for 48 h under 5% CO, at 37 °C,
before being washed and scrapped for flow cytometry.

Flow Cytometry

Flow cytometry was performed using a BD Accuri™ C6
Flow Cytometer and results were analyzed using Flow-Jo
V10 software. Immunophenotype characterization was per-
formed to analyze expression cell surface markers CD1lc,
CD14, CD16, CD86, CD163, CD169, CD206, Cx3CR-1,
CSF-1R, and matrix metalloproteinase-9 (MMP9). His-
tograms were analyzed for changes in cell surface marker
expression across varying glucose levels for each marker.

Phagocytic Assay

A separate plate with a glass slip cover placed at the bottom
of each well was used for phagocytic assays. Upon incu-
bation under different glucose concentrations, hAMs were
inoculated with GFP-expressing M. smegmatis, and then
incubated for an additional 24 h. Cells were fixed, permea-
bilized (Intracellular Staining Kit, Novus), and lysosomes
stained with a LAMP-1 antibody (DSHB, IA). The nuclei
were stained using DAPI. Cells were examined under fluo-
rescence microscopy, and images were captured with Meta-
morph 7.8 (Molecular Devices Inc.) and processed using
Image J (1.50i, NIH, USA). GFP-expressing mycobacteria
that co-localized to the phagolysosome were identified by a
yellow signal on the composite images. The number of cells
containing mycobacteria co-localized to the phagolysosome
was counted from a random sample of at least 40 AMs.

Statistical Analysis

Phagocytosis data across different conditions were com-
pared using a paired ¢ test after testing for normality (Shap-
iro—Wilk normality test). GraphPad Prism 7.01 was used for
statistical calculations.

Results

Direct Exposure of AMs to High Glucose
and Exposure via Co-culture with Endothelial Cells
Yield Different Phenotypic Changes in AMs

First, we verified that Daisy cells were phenotypically hAM
cells using flow cytometry. Previous studies have shown that
hAMs are M2 macrophages demonstrating the presence of
cell surface markers CD163 and CD206 [9-11]. After con-
firming that Daisy cells phenotype function as an adequate
marker for hAMs, other cell surface markers were investi-
gated [12].

Table 1 summarizes the changes in phenotypic expres-
sion of all cell surface markers at high glucose (22 mM)
compared to media. The table allows for comparison
between groups (hAMs alone vs. co-culture system).
Interestingly, direct exposure of hAMs to high glucose and
exposure via the co-culture system yield different results
for the same markers. For instance, CX3CR1 expression
decreases slightly under high glucose conditions when
directly exposed and increases greatly when exposed
indirectly via the co-culture system. Expression of CD169
decreases under both conditions, but the decrease is
greater under direct glucose exposure conditions. Expres-
sion of MMP9 increases greatly when directly exposed
and only increases slightly in the co-culture system. See
Supplemental Fig. 1 (Suppl 1.) for histogram comparison.

Phagocytosis of Mycobacteria by AMs Is Impaired
Only at HG Concentrations When Exposure Occurs
in Co-culture with Endothelial Cells

We then compared the effect of different glucose concen-
trations on hAMs when cells were exposed directly or via
co-culture with HUVEC cells. hAMs directly exposed to
both normal glucose conditions (5 mM) and high glucose
conditions (22 mM) show a decrease in phagocytosis.
(p=0.01) (Fig. 2). Similarly, hAMs in co-culture had
decreased phagocytosis at high glucose concentrations
(22 mM) compared to media (p =0.01). Interestingly,
hAMs appear to have decreased phagocytic function at
any level of increased glucose when directly exposed (in
the hAM alone system), whereas this decrease was only
observed in the high glucose setting for hAMs in the co-
culture system. Other changes in phagocytosis not men-
tioned were not found to be significant.

Table 1 Phenotypic changes in hAM cells upon exposure to high glu-
cose (22 mM)

Cell marker Co-culture hAM alone
CDl16 NC NC
CD86 NC NC
MMP9 1 "
CDl14 NC NC
CD206 NC NC
CD169 1 1
cx3crl I !
CD163 NC NC
CDllc NC NC
CDF-1R NC NC

NC no change; 1: increase, |: decrease
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Fig.2 Percentage of phagocytosis of M. smegmatis in hAMs. Phago-
cytic function of hAMs was evaluated by immunofluorescence
microscopy after inoculating hAMs upon incubation with different
glucose concentrations directly or via co-culture system, with a GFP-
expressing M. smegmatis, and then incubated for an additional 24 h.
*p-value =0.01

Discussion

It is well documented that DBM increases the risk of devel-
oping active TB, with up to 30% of TB patients presenting
with concomitant DBM type 2 [2, 13]. With approximately
one-third of the world’s population infected with latent
TB and the incidence of DBM steadily on the rise, a better
understanding of the immunologic mechanisms by which
DM predisposes some to developing active TB is needed
[2, 3]. Our experiments aimed to evaluate the response of
hAMs to glucose directly and in a co-culture system with
endothelial cells. This unique co-culture system allows for
indirect exposure of hAMs to glucose, just as they would
be in vivo [6]. Previous reports focusing on hAMs and rat
AMs responses to direct exposure of elevated glucose con-
centrations include studies using glucose concentrations as
high as 33 mM [5, 14]. This concentration of 33 mM blood
glucose is equivalent to a HbAlc of roughly 22% while a
diagnosis of DBM can be made at a level > 6.5% [15]. This
methodology represents an extreme environmental insult to
the AM and may not be indicative of what happens in vivo.
To make matters even more complicated, it is estimated that
the alveolar environment will have an even further decreased
amount of glucose due to a combination of mechanisms that
maintain the alveolus at a concentration as much as 10-fold
lower than plasma [16]. For this reason, our approach may
be able to better approximate such conditions.
Phenotypically, hAMs are characterized by the expres-
sion of CD206 (macrophage mannose receptor) and
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CD163 (macrophage scavenger receptor) [9]. This natural
state of hAMs indicates M2 polarization, the alternative
pathway that suppresses bacterial killing and promotes
remodeling, potentiates fibrosis, and ultimately dam-
ages surrounding tissue if left unchecked [7]. A careful
examination of various cell surface markers known to be
expressed on M1 and M2 macrophages can help determine
how hAMs react to increasing glucose concentrations and
give insight into why patients with diabetes may be unable
to mount a bacterial killing response when confronted with
mycobacteria. It has been shown that M2-activated mac-
rophages promote intracellular bacteria survival, which
is how M. tuberculosis remains latent in the lungs [17].

Lung interstitial macrophages are involved in the
recruitment of immune cells after infection with M. tuber-
culosis [18]. These cells typically express CX3CR1, a cell
surface chemokine receptor responsible for migration and
adhesion [19]. In co-culture, when indirectly exposed to
high glucose levels, hAMs greatly increased their expres-
sion of CX3CR1 (Supplemental Fig. 1A). This increase
in expression may signal hAMs to move to a site of infec-
tion or inflammation and begin phagocytosis or tissue
repair. Interestingly, when directly exposed to high glu-
cose, hAMs downregulate this chemokine receptor. This
downregulation could potentially lead to decrease migra-
tion to the site of infection. Because the two experimen-
tal conditions result in different phenotypic expressions
of CX3CRI1, it should be considered that cell signaling
between HUVEC cells and hAM cells may have played a
role. Further investigation of supernatants may give some
insight into the mechanism behind this change.

Expression of CD169, a pathogen recognition recep-
tor, is seen in murine and hAMs [20, 21]. This marker is
increased during the inflammatory process and indicates an
M2 polarization of murine and hAMs [9, 22]. Expression
of CD169 on hAMs under direct glucose exposure drasti-
cally decreased, whereas exposure via the co-culture system
lead to an increase in expression, suggesting again an M2
response (Supplemental Fig. 1B).

MMPO is an endopeptidase involved in the cleavage of
certain cell surface receptors and release of cytokines. It is
involved in numerous cellular functions including apoptosis.
Expression of high levels of MMP9 has been indicated in
poor outcomes during TB infection and has been isolated in
hAMs from the lungs of TB patients [23, 24]. Upregulation
of MMP9 in response to elevated glucose concentrations
demonstrates a shift to M2 macrophage polarization [25].
This alternative activation of macrophages favors bacte-
rial survival [9]. Prolonged activation will also lead to lung
remodeling and damage, further complicating active TB
infection [7]. Expression of MMP9 increases greatly when
directly exposed and only increases slightly in the co-culture
system (Supplemental Fig. 1C).
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Phagocytic function of hAMs was decreased when
directly exposed to normal glucose but only decreases in the
co-culture system under high glucose conditions. HUVEC
cells may create a barrier to some glucose reaching hAMs,
but it is more likely that the difference in phagocytic func-
tion is due to cell-to-cell signaling between HUVEC and
hAMs. Cells of the co-culture system were more likely to
localize internalized M. smegmatis to the lysosome where
bacterial killing could take place. This again highlights the
drawbacks of other research that examines phagocytosis of
AMs directly exposed to glucose [5], as direct exposure even
to normal glucose concentrations may cause a decrease in
phagocytosis.

In conclusion, exposing hAMs directly to glucose and
indirectly via a co-culture system yields different pheno-
typic and functional changes. High glucose concentrations
increased expression of certain M2 polarization markers
such as MMP9 and CD169 in hAMs in co-culture, poten-
tially creating favorable conditions for the survival of
mycobacteria. Expression of chemokine receptor CX3CR1
responds differently depending on whether they were
exposed directly or via the co-culture system. Phagocytic
assay further demonstrates a decreased ability of hAMs
under high glucose to clear internalized M. smegmatis. Var-
iability in cell surface marker expression and phagocytic
function of macrophages under direct glucose exposure com-
pared to exposure via co-culture reveals that cell signaling
between endothelial cells and hAMs may play a crucial role
in the function of hAMs.
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