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Abstract: Background: The tumor microenvironment (TME) is composed of fibro-inflammatory
cells and extracellular matrix (ECM) components. However, the exact contribution of the
various TME compartments towards therapeutic response is unknown. Here, we aim to dissect
the specific contribution of tumor-associated macrophages (TAMs) towards drug delivery and
response in pancreatic ductal adenocarcinoma (PDAC). Methods: The effect of gemcitabine was
assessed in human and murine macrophages, human pancreatic stellate cells (hPSCs), and tumor
cells (L3.6pl, BxPC3 and KPC) in vitro. The drug metabolism of gemcitabine was analyzed
by liquid chromatography–tandem mass spectrometry (LC–MS/MS). Preclinical studies were
conducted using KrasG12D;p48-Cre and KrasG12D;p53172H;Pdx-Cre mice to investigate gemcitabine
delivery at different stages of tumor progression and upon pharmacological TAM depletion.
Results: Gemcitabine accumulation was significantly increased in murine PDAC tissue compared
to pancreatic intraepithelial neoplasia (PanIN) lesions and healthy control pancreas tissue. In vitro,
macrophages accumulated and rapidly metabolized gemcitabine resulting in a significant drug
scavenging effect for gemcitabine. Finally, pharmacological TAM depletion enhanced therapeutic
response to gemcitabine in tumor-bearing KPC mice. Conclusion: Macrophages rapidly metabolize
gemcitabine in vitro, and pharmacological depletion improves the therapeutic response to gemcitabine
in vivo. Our study supports the notion that TAMs might be a promising therapeutic target in PDAC.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) exhibits an extensive desmoplastic reaction that
is characterized by abundant extracellular matrix components, numerous inflammatory cells and
cancer-associated fibroblasts (CAFs) [1]. It is undisputed that the tumor microenvironment (TME)
closely interacts with surrounding tumor cells via direct physical interaction and multiple signaling
cues, promoting tumor progression and therapeutic resistance in PDAC [2]. However, recent evidence
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points towards a more complex role of distinct components of the TME, with both tumor-restraining
as well as tumor-promoting properties [3–6]. Indeed, several large clinical trials using anti-stromal
agents (e.g., hyaluronidase PEGPH20, sonic hedgehog inhibitors, matrix metalloproteinase (MMP)
inhibitors) have recently failed to achieve meaningful clinical response rates in PDA patients, and so
far, no anti-stromal therapies have been approved [7].

Therefore, in light of the urgent need for novel therapeutic targets in PDAC, it is important to
investigate different cell types within the TME regarding its role in mediating therapeutic resistance [8,9].

We have recently shown that CAFs accumulate gemcitabine metabolites intracellularly,
a mechanism that may contribute to the failure of this drug by scavenging active gemcitabine
metabolites that are not available for tumor cells anymore [10]. Recent single-cell analysis in human
and mouse PDAC not only revealed several subsets of CAFs such as inflammatory CAFs (iCAFs) and
myofibroblastic CAFs (myCAFs), but also provided compelling evidence that CAFs only make up a
small proportion of all cells within the TME [11]. In contrast, immune cells are much more abundant in
PDAC and might also contribute to drug scavenging upon gemcitabine treatment. Tumor-associated
macrophages (TAMs) make up a large subset of immune cells in PDAC, and pharmacological depletion
was shown to reduce metastasis formation in genetically engineered mice [12]. Few studies have
reported synergism of TAM depletion and immunotherapies in PDAC [13,14]. In addition, systemic
TAM depletion can impede pancreatic tumorigenesis and regress established tumors [15,16]. Although
there are some examples of TAMs inhibiting sensitivity to chemotherapy [17–19], many mechanisms
remain largely unknown.

To assess the contribution of TAMs to gemcitabine resistance in PDAC, we have employed
genetic and pharmacological approaches in vitro and in vivo using a liquid chromatography–mass
spectrometry/mass spectrometry (LC–MS/MS) assay [20–22], the most sensitive method to quantify
gemcitabine metabolites in cells and tissue biopsies.

2. Results

2.1. Gemcitabine Concentration is Increased in Murine Pancreatic Tumors Compared to Pancreatic
Intraepithelial Neoplasia and Normal Pancreas Tissue

Considering our previous observation that CAFs are capable of metabolizing gemcitabine
metabolites [10], and the hypothesis that other stromal cells such as immune cells may also scavenge
gemcitabine, we reasoned that the total amount of gemcitabine metabolites should be higher in
pancreatic tumor tissue compared to normal pancreas tissue. To test this hypothesis, we investigated
gemcitabine delivery in normal pancreas tissue, pancreatic intraepithelial neoplasia (PanIN) lesions and
desmoplastic tumors of genetically engineered mice (GEMMs) to compare drug accumulation during
tumor evolution. The LSL-KrasG12D/+; p48-Cre (KC) mouse model develops PanIN lesions at 3–4 months
of age that progress to invasive PDAC after a latency of 12–15 months [23]. Progression to PDAC is
accompanied by the development of a pronounced TME in which acellular (e.g., collagen, hyaluronic
acid) and cellular components such as macrophages and CAFs increasingly accumulate. Therefore,
we employed the KC mouse model at different stages of pancreatic carcinogenesis (Figure 1A) and
administered a single dose of 100 mg/kg gemcitabine.

Bulk tissue from normal pancreata (n = 6 mice), PanINs (n = 5 mice) and murine PDAC
(n = 5 mice) were collected 2 h after gemcitabine administration according to previously established
and validated protocols and subjected to LC–MS/MS analysis [21,24]. Strikingly, the concentration of
native gemcitabine 2′,2′-difluorodeoxycytidine (dFdC) as well as the activated form of gemcitabine
2′,2′-difluorodeoxycytidine-5′-triphosphate (dFdCTP) was significantly elevated in bulk tumor biopsies
compared to PanIN tissue and normal pancreas biopsies (Figure 1B,C; p < 0.05), suggesting an overall
increased uptake of gemcitabine in tumor tissue versus normal tissue.
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Figure 1. (A) Representative Masson trichrome (MT) and immunohistochemical stainings for
alpha-smooth muscle actin (α-SMA) and secreted protein acidic and rich in cysteine (SPARC)
in normal murine pancreas, murine pancreatic intraepithelial neoplasia (PanIN) and pancreatic
ductal adenocarcinoma (PDAC) tissues from LSL-KrasG12D/+; p48-Cre (KC) mice showing progressive
desmoplastic features. (B,C) KC mice and control B6 mice were treated with one dose of gemcitabine
at 100 mg/kg intraperitoneally. Tumor tissue (n = 5 mice), PanINs (n = 5 mice) and normal pancreas
(NP; n = 6 mice) were assessed for gemcitabine metabolites 2 h later by liquid chromatography–mass
spectrometry/mass spectrometry (LC–MS/MS). Native gemcitabine (dFdC) and the active form of
gemcitabine 2’,2′-difluorodeoxyuridine-5′-triphosphate (dFdCTP) are significantly increased in tumor
biopsies compared to PanINs and normal pancreas tissue (p < 0.05, Mann–Whitney U test).considerably
older than PanIN-bearing KC mice, age related effects might bias the pharmacokinetic results obtained
by LC–MS/MS. However, analysis in tumor-bearing KPC mice of different age showed no correlation of
age and intratumoral gemcitabine accumulation (data not shown).

2.2. Murine and Human Macrophages Reduce Cytotoxicity of Gemcitabine In Vitro

Macrophages are abundantly present in the fibro-inflammatory TME of KC and KPC mice,
and were shown to correlate with worse prognosis in PDAC [25,26]. To investigate gemcitabine
metabolism in macrophages, we used the human monocyte cell-line THP-1. To test whether THP-1
cells mediate chemoresistance towards pancreatic cancer cells in vitro, two human pancreatic cancer
cell lines L3.6pl and BxPC3 were treated with supernatant from THP-1 cells that were pre-incubated
with gemcitabine for 24 h. As control THP-1 supernatant with freshly supplemented gemcitabine
was used (Figure 2A). Supernatant from pre-incubated THP-1 cells led to a significant decrease in cell
toxicity in both tumor cell lines (76% decrease for L3.6pl and 50% decrease for BxPC3) compared to
controls (p < 0.05; Figure 2B). We next sought to determine if murine macrophages derived from bone
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marrow (BMDMs) of B6 mice are also able to impede therapeutic response in KPC tumor cell lines.
Indeed, two out of three KPC tumor cell-lines showed decreased toxicity (51% for KPC-1 and 35% for
KPC-2) following 24 h pre-incubation with gemcitabine containing macrophage media compared to
THP-1 supernatant with fresh gemcitabine (KPC-1+2: p < 0.05; KPC-3: p > 0.05; Figure 2C). Notably,
THP-1 conditioned media or murine BMDM conditioned media alone did not affect cell viability in
human and murine PDAC cells (Supplementary Figure S1). Furthermore, incubation of gemcitabine in
cell culture media without THP-1 cells for up to 24 h did not affect the toxicity of gemcitabine compared
to freshly administered gemcitabine, indicating that the gemcitabine metabolism of THP-1 cells might
be causative for the observed reduction in gemcitabine cytotoxicity in murine and human tumor cells
(Supplementary Figure S2).

Figure 2. (A) Schematic of the conditioned media experiments showing that gemcitabine is first
incubated with either THP-1 cells or murine bone marrow-derived macrophages (BMDM) for 24 h
before conditioned media (CM) is used for subsequent viability assays on human and murine tumor
cells. (B) 72 h MTT assay with CM of unpolarized THP-1 cells pre-incubated for 24 h with gemcitabine
in L3.6pl (3 nM) and BxPC3 (15 nM) shows a robust decrease in toxicity compared to THP-1 control
media with fresh gemcitabine prior to 72 h treatment (p < 0.01). Gemcitabine concentrations are adapted
because of specific GI50. (C) An equivalent assay with murine bone marrow-derived macrophages
(BMDM) and three KPC cell lines shows a significant decrease in toxicity in two out of three cell lines
(KPC-1+2: p < 0.01, KPC-3: p > 0.05).

2.3. Macrophages Rapidly Metabolize and Inactivate Gemcitabine

To mechanistically investigate the observed effect, we aimed to assess gemcitabine drug uptake in
THP-1 cells including the M1- and M2 subtypes. To this end, we polarized cells to generate either M1
or M2 THP-1 cells. Polarization was successfully verified by markers such as CXCL10 (M1-specific),
CCL22 (M2-specific) and MRC1 (M2-specific) (Supplementary Figure S3). We treated cultured M1
and M2 THP-1 cells with 1 µM gemcitabine. Cell culture supernatants and cell pellets were obtained
after 2 h and 24 h for analysis by LC–MS/MS. Strikingly, the amount of native gemcitabine dFdC was
significantly reduced in the media after 24 h of incubation (M1: p < 0.001, M2: p < 0.001) whereas
the deaminated metabolite 2′,2′-difluorodeoxyuridine (dFdU) significantly increased within 24 h
(M1: p < 0.001, M2: p < 0.0001; Figure 3A,B). Conversely, the active, cytotoxic form of gemcitabine,
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dFdCTP accumulated intracellularly after 24 h of incubation with gemcitabine (M1: p > 0.05, M2
p < 0.05) (Figure 3C). These experiments provide evidence that macrophages rapidly metabolize
gemcitabine thus potentially acting as drug scavengers in the TME of PDAC. Next, we aimed to
compare the gemcitabine uptake in cultured M1 and M2 THP-1 cells, BxPC3 and L3.6pl pancreatic
cancer cells, and two human pancreatic stellate cell lines (hPSC-1, hPSC-2). We treated cells with 1 µM
gemcitabine for 2 h and subjected cell pellets to LC–MS/MS analysis. Interestingly, the intracellular
concentration of dFdCTP was comparable in M1 and M2-macrophages, BxPC3 and L3.6pl cells, but
was higher in the hPSC-1 cell lines (Figure 3D), consistent with previously reported results in murine
CAFs [10].

Figure 3. (A,B) Pharmacokinetic profile of cell culture supernatant from M1 and M2 THP-1 human
macrophages following incubation with 1µM gemcitabine for 2 h and 24 h. LC–MS/MS analysis in cell
culture supernatant for native gemcitabine (dFdC) (M1: p < 0.001 M2: p < 0.001) and the deaminated
form dFdU shows rapid metabolization of dFdC to dFdU within 24 h. (M1: p < 0.001, M2: p < 0.0001)
(C) The active form of gemcitabine (dFdCTP) was determined by LC–MS/MS in cell pellets from THP-1
cells. (M1: p > 0.05 M2: p < 0.05). (D) LC–MS/MS analysis (2 h) for the active gemcitabine metabolite
dFdCTP in THP-1 macrophages (M1, M2), human pancreatic cancer cell lines (L3.6pl; BxPC3) and two
human PSCs (hPSCs).

2.4. Pharmacological Depletion of TAMs Using Liposomal Clodronate Sensitizes KPC Tumors to
Gemcitabine Treatment

Since human and murine macrophages actively metabolized gemcitabine and significantly
impeded the anti-neoplastic effects of gemcitabine on tumor cells in vitro, we hypothesized that
pharmacological depletion of TAMs in vivo may synergize with gemcitabine treatment. To this end,
we used the KPC mouse model that closely recapitulates the aggressive and desmoplastic nature of
human PDAC. Immunohistochemical analysis revealed the robust infiltration of CD68+ macrophages
within the TME of KPC mice that were significantly elevated compared to normal pancreas tissue
(Figure 4A,B; p < 0.002).
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Figure 4. (A) Immunofluorescence of a KPC tumor showing dense infiltration of CD68+ macrophages
(green) in the tumor microenvironment. (B) Manual quantification of CD68 positive cells in healthy
pancreata (n = 5 mice) and KPC tumors (n = 8) reveals a significant increase in macrophages in tumor
tissues (p < 0.002). (C) Representative immunohistochemistry for CD68 in splenic tissue showing robust
depletion upon liposomal clodronate treatment. (D,E) Tumor biopsies from KPC mice treated with
either gemcitabine (n = 6) or gemcitabine + liposomal clodronate (n = 6) were assessed for gemcitabine
metabolites 2 h after the last injection of 100 mg/kg gemcitabine by LC–MS/MS. Native gemcitabine
(dFdC) and the active form of gemcitabine 2’,2’-difluorodeoxyuridine-5’-triphosphate (dFdCTP) were
not significantly altered between the two treatment cohorts. (F) CC3 immunohistochemistry reveals
a significant increase in apoptotic cells in gemcitabine + liposomal clodronate treated KPC tumors
compared to gemcitabine alone or liposomal clodronate (p < 0.01).
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To test the capacity of liposomal clodronate for CD68+ cell depletion, we administered the
compound to healthy mice without a tumor burden (n = 4) and found the robust ablation of CD68+

splenic macrophages (Figure 4C).
Subsequently, we enrolled KPC mice that had developed pancreatic tumors, as evidenced by small

animal ultrasound, and randomized them for treatment with either gemcitabine (100 mg/kg, three
times per week), liposomal clodronate (70 mg/kg, bi-weekly) or a combination of liposomal clodronate
and gemcitabine for 10 days (Supplementary Figure S4). At the endpoint, a final dose of gemcitabine
was given 2 h prior to necropsy. As expected, the pharmacological depletion of TAMs by liposomal
clodronate did not change the total drug levels of gemcitabine metabolites as evidenced by LC–MS/MS
analysis of bulk tumor tissue (Figure 4D,E). However, immunohistochemistry revealed that the number
of cleaved caspase-3 (CC3) positive tumor cells was significantly increased in endogenous tumor
tissues that received the combination of gemcitabine and liposomal clodronate (Figure 4F), suggesting
a shift of active gemcitabine metabolites towards proliferating tumor cells with subsequently increased
apoptosis rates.

3. Discussion

PDAC is characterized by the accumulation of large amounts of ECM components such as collagen
and hyaluronic acid, as well as abundant fibro-inflammatory cells that surround neoplastic cells at
large numbers [8,27]. A highly debated question is whether this desmoplastic reaction in PDAC creates
biophysical barriers for drug delivery or if cellular activities like enzymatic inactivation and scavenging
play a more relevant role in the highly chemoresistant phenotype of human PDAC. Here, we revisit
the role of the cellular TME, particularly macrophages as a barrier for gemcitabine, the front-line
chemotherapy in PDAC using a previously established LC–MS/MS protocol. First, our in vivo
pharmacokinetic studies reveal that bulk tumor biopsies accumulate significantly more gemcitabine
metabolites than preneoplastic and normal pancreas tissue. This finding may be explained by the fact
that tumor tissue is highly proliferative compared to normal pancreas tissue and PanINs. Furthermore,
numerous cells within the TME actively metabolize and intracellularly store gemcitabine metabolites
that are ultimately not available for tumor cells. Indeed, our in vitro data show that macrophages of
human or murine origin actively metabolize gemcitabine resulting in a significant loss of cytotoxicity
towards co-cultured tumor cells. This drug scavenging effect was recently described for CAFs and
PSCs [10], but seems to be equally relevant for inflammatory cells. Using liposomal clodronate to
deplete intratumoral TAMs, we could show improved efficacy of gemcitabine in the KPC model.
Importantly, the amount of gemcitabine remained unchanged within in the bulk tumor suggesting
an increased amount of cytotoxic gemcitabine that was not metabolized by macrophages and thus
available to kill tumor cells. In line with our findings, an exciting study has recently shown that TAMs
are programmed by PDAC cells to release deoxycytidine that competes with gemcitabine but not with
other chemotherapies [18]. Therefore, our data support the hypothesis that the cellular TME creates
biochemical barriers for gemcitabine reducing its efficacy in desmoplastic pancreatic tumors. Targeting
of those cellular components, e.g., macrophages or CAFs, might be the most promising strategy to
enhance efficacy of various chemotherapies in PDAC. However, TAMs possess tumor-promoting as
well as tumor-suppressive functions, and broad depletion of TAMs for therapeutic purposes may
also result in detrimental effects including suppression of resident or circulating immune cells [28].
Therefore, selective re-programming rather than depletion of TAMs might be the most appropriate
therapeutic strategy in the future to avoid undesired immune suppressive or tumor-promoting effects.

Our study has several limitations. First, THP-1 cells are distinct from TAMs derived from PDAC.
However, THP-1 cells can be easily grown and polarized in vitro, and thus represent an ideal tool for
reproducible pharmacokinetic testing. Second, we use results from pharmacokinetic in vitro assays
in order to explain the improved response to gemcitabine upon TAM depletion in vivo. However,
as we cannot show direct gemcitabine scavenging of TAMs in KPC tumor tissue in vivo, it remains
possible that the improved response to gemcitabine in combination with liposomal clodronate is
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achieved by biochemical sensitization of tumor cells upon TAM depletion rather than direct drug
scavenging of TAMs. Moreover, we do not provide evidence that macrophage depletion results in
more intracellular gemcitabine in tumor cells in vivo. Finally, survival studies using the combination
of liposomal clodronate and gemcitabine in KPC mice would have been desirable but were not feasible
due to the side effects of long-term liposomal clodronate administration in mice.

In summary, our current results underscore the fact that analysis of drug concentrations in
desmoplastic bulk PDAC tissue is not appropriate to draw meaningful conclusions on the efficacy of
the respective compound since the intratumoral uptake, distribution and metabolism of the various
fibro-inflammatory cells is critical for therapeutic response. This may in fact explain the recent and past
discrepancies between preclinical studies showing increased amounts of gemcitabine upon stromal
depletion approaches [29,30], and subsequent clinical failure. In addition, our data may at also partially
explain the difference between in vitro and in vivo efficacy of gemcitabine in PDAC and thus add
to the growing body of evidence that therapeutic targeting of TAMs in PDAC might improve the
therapeutic response by directly enhancing the available amount of intratumoral drug.

4. Materials and Methods

4.1. Genetically Engineered Mouse Models

The following genetically engineered mice were used for this study: LSL-KrasG12D;p48-Cre (KC)
and LSL-KrasG12D; LSL-Trp53R172H;Pdx-1-Cre (KPC). KC mice develop acinar to ductal metaplasia
(ADMs) and PanINs at an early age and slowly progress to advanced and metastatic PDAC after a
long latency (usually >12 months), while KPC mice develop invasive and metastatic PDAC with 100%
penetrance at an early age [23,31]. Both models recapitulate the full spectrum of histopathological and
clinical features of human PDAC. All animal experiments were carried out using protocols approved
by the Institutional Animal Care and Use Committee at the University Medical Center Göttingen.
Mice were housed at a 12 h light, 12 h dark rhythm.

4.2. Therapeutic Intervention

KPC mice were subjected to treatment after detection of a pancreatic tumor of at least 0.5 cm in
one dimension, using a Vevo2100 small animal ultrasound system as described before [32]. Treatment
involved intraperitoneal injection of liposomal clodronate (twice per week, 70 mg/kg body weight),
gemcitabine (twice per week, 100 mg/kg body weight) or a combination of both therapies. PBS-liposomes
with an amount equivalent to liposomal clodronate was used as vehicle. For pharmacokinetic studies,
KC mice were treated with gemcitabine (100 mg/kg body weight) once. Biopsies (n = 5) from
tumor-bearing KC mice were partly overlapping with the KC-WT control group that was recently
published from our group [4]. All tissues were harvested 2 h after the last gemcitabine dose for further
analysis as previously described [21].

4.3. Liquid Chromatography–Mass Spectrometry/Mass Spectrometry (LC–MS/MS)

In cell culture experiments, 5 × 105 cells were cultured and treated with 1 µM gemcitabine for
2 h or 24 h. After trypsinization, cell pellets were washed twice in cold PBS and stored at −80 ◦C. All
experiments were performed in triplicate. Fresh frozen tumor samples and cell pellets were prepared and
analyzed using LC–MS/MS for gemcitabine and metabolites as previously described [20]. LC–MS/MS
was performed using a TSQ Vantage triple-stage quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) fitted with a heated electrospray ionization probe operated in positive
and negative mode at a spray voltage of 2.5 kV, capillary temperature of 150 ◦C and vaporizer
temperature of 250 ◦C. Quantitative data acquisition was done using LC Quan2.5.6 (Thermo Fisher
Scientific, Waltham, MA, USA).
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4.4. Drug Preparation

Gemcitabine hydrochloride (Sigma, St. Louis, MO, USA) was resuspended in sterile normal saline
at 10 mg/mL. Clodronate liposomes and PBS liposomes were purchased from clodronateliposomes.org
(Haarlem, The Netherlands). The preparation was described earlier [33]. For in vitro experiments,
gemcitabine hydrochloride (Sigma, St. Louis, MO, USA), was used.

4.5. Cell Lines

The human pancreatic cancer cell lines BxPC3, L3.6pl, and the human monocyte cell line THP-1
were derived from ATCC and have been described before [34]. In addition 3 murine cell lines were
derived from KPC tumors as previously reported, [31] and maintained in DMEM (Invitrogen, Carlsbad,
CA, USA) +10% FBS (Thermo Fisher, Waltham, MA, USA). Human pancreatic stellate cells were used
as previously described and labelled as hPSC-1 [35], and hPSC-2 [36].

4.6. Human Macrophage Polarization

Macrophage polarization was performed as described previously with little modifications [37].
In short, cells were seeded in a 6-well plate at a density of 1 × 106/well or in a 6-cm dish at a density
of 2.5 × 106. To generate M1 polarized macrophages, cells were treated with 200 ng/mL phorbol
12-myristate 13-acetate (PMA, Sigma, St. Louis, MO, USA) for 6 h and then cultured with PMA
plus 100 ng/mL lipopolysaccharide (LPS, Sigma, St. Louis, MO, USA) and 20 ng/mL interferon-γ
(IF-γ, Peprotech, Cranbury, NJ, USA) for 66 h. To generate M2 polarized macrophages, cells were
treated with 200 ng/mL PMA plus 20 ng/mL interleukin-4 (IL-4, Peprotech, Cranbury, NJ, USA) and
20 ng/mL interleukin-13 (IL-13, Peprotech, Cranbury, NJ, USA) for 72 h.

4.7. Murine Macrophage Isolation

Bone marrow derived macrophages (BMDMs) were isolated from mice with a C57BL/6 background
as described earlier [38,39]. Briefly, we sacrificed the mice, isolated tibiae and femurs, cut the epiphyses
and flushed the marrow using a syringe and a 25G needle. Then we centrifuged the bone marrow
multiple times, using RPMI to wash it and an erythrocyte-lysis-buffer to eliminate the erythrocytes and
their precursor cells. We seeded the cells yielding for 2 × 106 cells/10 cm dish in RPMI and incubated
them with 20 ng/mL recombinant murine M-CSF (Peprotech) for up to 7 days [40]. The resulting cells
were predominantly macrophages and used for our experiments [40].

4.8. Culture with Conditioned Medium

M1-macrophages were generated through polarization of THP-1 cells. Murine macrophages were
differentiated according to the protocol above. The macrophages were treated with culture medium
containing gemcitabine in different concentrations or without a drug as control for 24 h. Cell viability
was >80% at the time of medium collection compared to control. Subsequently, media were centrifuged
at 1200 rpm for 3 min and conditioned medium supernatants collected.

4.9. Cell Viability Assays

Human and murine pancreatic cancer cells were seeded with 5000 cells/well on a 96 well
plate and were allowed to attach for 24 h before adding conditioned medium and performing 72 h
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue (MTT) cell viability assay.
Cells were treated with conditioned medium containing the GI50 of the respective tumor cell line.
The control conditioned medium contained an equivalent dose of gemcitabine. Then, 72 h after
treatment, MTT reagent (Thiazolyl Blue Tetrazolium Bromide, Sigma, St. Louis, MO, USA) was added
to the media with a final concentration of 0.5 mg/mL and incubated for 2 h at 37 ◦C. Absorption was
measured at 595 nm (PHOmo Microplate reader, Autobio Labtec Instruments, Zhengzhou, China).
Cell viability was expressed relative to controls
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4.10. Statistical Analysis

Data are presented as individual values or column bar graphs with the mean or median ± SEM.
Statistical analysis was performed using GraphPad Prism 7.0 a using unpaired t-tests if not stated
otherwise. p < 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/7/1978/s1,
Figure S1: MTT assay with conditioned media (CM) of human THP-1 cells or murine BMDM. Figure S2: MTT
assay with conditioned media 24 h preincubated with gemcitabine or fresh gemcitabine. Figure S3: qRT-PCR for
M1 and M2 markers in THP-1 macrophages. Figure S4: 10 days treatment schedule for tumor bearing KPC mice.

Author Contributions: Conceptualization, S.M.B.; A.N.; V.E.; E.H.; methodology, S.M.B.; F.M.R.; D.I.J.; M.B.; P.M.;
formal analysis. C.A.-H.; R.G.G.; S.K.S.; S.M.B.; investigation, S.M.B.; R.G.G.; C.A.-H.; F.M.R.; writing—original
draft preparation, S.M.B.; C.A.-H.; V.E.; E.H.; A.N.; writing—review and editing, all authors. visualization, S.M.B.;
A.N.; supervision, A.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Krebshilfe (Max Eder group) [110972 and 70113213] to A.N.,
Max Eder Group to S.S. [70112999], and VW-Stiftung/MWK (ZN3222) to VE; the Else Kröner-Fresenius-Stiftung
Foundation to R.G.G., the MD fellowship from the Deutsche Gesellschaft für Gastroenterologie, Verdauung- und
Stoffwechselkrankheiten (DGVS) to S.M.B., the Deutsche Forschungsgemeinschaft (Mi 710/10-1) to P.M. Cancer
Research UK (CRUK) Institute core grants C14303/A17197 and C9545/A29580 supported the Jodrell Group (DIJ and
FMR). LC–MS/MS analyses were performed in the PKB core at the CRUK Cambridge Institute. The CRUK
Cambridge Institute (Li Ka Shing Centre) was generously funded by CK Hutchison Holdings Limited, the University
of Cambridge, The Atlantic Philanthropies and a range of other donors.

Acknowledgments: We thank Jutta Blumberg and Ulrike Wegner for their expert technical assistance. We thank
Iswarya Ramu, Heidi Griesmann and Melanie Patzak for their scientific advice and help.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Hessmann, E.; Buchholz, S.M.; Demir, I.E.; Singh, S.K.; Gress, T.M.; Ellenrieder, V.; Neesse, A.
Microenvironmental determinants of pancreatic cancer. Physiol. Rev. 2020. [CrossRef]

2. Mahajan, U.M.; Langhoff, E.; Goni, E.; Costello, E.; Greenhalf, W.; Halloran, C.; Ormanns, S.; Kruger, S.;
Boeck, S.; Ribback, S.; et al. Immune cell and stromal signature associated with progression-free survival of
patients with resected pancreatic ductal adenocarcinoma. Gastroenterology 2018, 155, 1625–1639. [CrossRef]
[PubMed]

3. Ozdemir, B.C.; Pentcheva-Hoang, T.; Carstens, J.L.; Zheng, X.; Wu, C.C.; Simpson, T.R.; Laklai, H.;
Sugimoto, H.; Kahlert, C.; Novitskiy, S.V.; et al. Depletion of carcinoma-associated fibroblasts and fibrosis
induces immunosuppression and accelerates pancreas cancer with reduced survival. Cancer Cell 2014, 25,
719–734. [CrossRef]

4. Ramu, I.; Buchholz, S.M.; Patzak, M.S.; Goetze, R.G.; Singh, S.K.; Richards, F.M.; Jodrell, D.I.; Sipos, B.;
Strobel, P.; Ellenrieder, V.; et al. SPARC dependent collagen deposition and gemcitabine delivery in a
genetically engineered mouse model of pancreas cancer. EBioMedicine 2019, 48, 161–168. [CrossRef]
[PubMed]

5. Rhim, A.D.; Oberstein, P.E.; Thomas, D.H.; Mirek, E.T.; Palermo, C.F.; Sastra, S.A.; Dekleva, E.N.; Saunders, T.;
Becerra, C.P.; Tattersall, I.W.; et al. Stromal elements act to restrain, rather than support, pancreatic ductal
adenocarcinoma. Cancer Cell 2014, 25, 735–747. [CrossRef] [PubMed]

6. Chauhan, V.P.; Martin, J.D.; Liu, H.; Lacorre, D.A.; Jain, S.R.; Kozin, S.V.; Stylianopoulos, T.; Mousa, A.S.;
Han, X.; Adstamongkonkul, P.; et al. Angiotensin inhibition enhances drug delivery and potentiates
chemotherapy by decompressing tumour blood vessels. Nat. Commun. 2013, 4, 2516. [CrossRef]

7. Regel, I.; Mayerle, J.; Mahajan, U.M. Current strategies and future perspectives for precision medicine in
pancreatic cancer. Cancers 2020, 12, 1024. [CrossRef]

8. Neuzillet, C.; Tijeras-Raballand, A.; Ragulan, C.; Cros, J.; Patil, Y.; Martinet, M.; Erkan, M.; Kleeff, J.; Wilson, J.;
Apte, M.; et al. Inter- and intra-tumoural heterogeneity in cancer-associated fibroblasts of human pancreatic
ductal adenocarcinoma. J. Pathol. 2018. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6694/12/7/1978/s1
http://dx.doi.org/10.1152/physrev.00042.2019
http://dx.doi.org/10.1053/j.gastro.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30092175
http://dx.doi.org/10.1016/j.ccr.2014.04.005
http://dx.doi.org/10.1016/j.ebiom.2019.09.024
http://www.ncbi.nlm.nih.gov/pubmed/31597597
http://dx.doi.org/10.1016/j.ccr.2014.04.021
http://www.ncbi.nlm.nih.gov/pubmed/24856585
http://dx.doi.org/10.1038/ncomms3516
http://dx.doi.org/10.3390/cancers12041024
http://dx.doi.org/10.1002/path.5224
http://www.ncbi.nlm.nih.gov/pubmed/30575030


Cancers 2020, 12, 1978 11 of 12

9. Duluc, C.; Moatassim-Billah, S.; Chalabi-Dchar, M.; Perraud, A.; Samain, R.; Breibach, F.; Gayral, M.;
Cordelier, P.; Delisle, M.B.; Bousquet-Dubouch, M.P.; et al. Pharmacological targeting of the protein synthesis
mTOR/4E-BP1 pathway in cancer-associated fibroblasts abrogates pancreatic tumour chemoresistance. EMBO
Mol. Med. 2015, 7, 735–753. [CrossRef]

10. Hessmann, E.; Patzak, M.S.; Klein, L.; Chen, N.; Kari, V.; Ramu, I.; Bapiro, T.E.; Frese, K.K.; Gopinathan, A.;
Richards, F.M.; et al. Fibroblast drug scavenging increases intratumoural gemcitabine accumulation in
murine pancreas cancer. Gut 2018, 67, 497–507. [CrossRef]

11. Elyada, E.; Bolisetty, M.; Laise, P.; Flynn, W.F.; Courtois, E.T.; Burkhart, R.A.; Teinor, J.A.; Belleau, P.;
Biffi, G.; Lucito, M.S.; et al. Cross-species single-cell analysis of pancreatic ductal adenocarcinoma reveals
antigen-presenting cancer-associated fibroblasts. Cancer Discov. 2019. [CrossRef] [PubMed]

12. Griesmann, H.; Drexel, C.; Milosevic, N.; Sipos, B.; Rosendahl, J.; Gress, T.M.; Michl, P. Pharmacological
macrophage inhibition decreases metastasis formation in a genetic model of pancreatic cancer. Gut 2017, 66,
1278–1285. [CrossRef] [PubMed]

13. Beatty, G.L.; Winograd, R.; Evans, R.A.; Long, K.B.; Luque, S.L.; Lee, J.W.; Clendenin, C.; Gladney, W.L.;
Knoblock, D.M.; Guirnalda, P.D.; et al. Exclusion of T cells from pancreatic carcinomas in mice is regulated
by Ly6C(low) F4/80(+) extratumoral macrophages. Gastroenterology 2015, 149, 201–210. [CrossRef] [PubMed]

14. Zhu, Y.; Knolhoff, B.L.; Meyer, M.A.; Nywening, T.M.; West, B.L.; Luo, J.; Wang-Gillam, A.; Goedegebuure, S.P.;
Linehan, D.C.; DeNardo, D.G. CSF1/CSF1R blockade reprograms tumor-infiltrating macrophages and
improves response to T-cell checkpoint immunotherapy in pancreatic cancer models. Cancer Res. 2014, 74,
5057–5069. [CrossRef]

15. Zhang, Y.; Velez-Delgado, A.; Mathew, E.; Li, D.; Mendez, F.M.; Flannagan, K.; Rhim, A.D.; Simeone, D.M.;
Beatty, G.L.; Pasca di Magliano, M. Myeloid cells are required for PD-1/PD-L1 checkpoint activation and the
establishment of an immunosuppressive environment in pancreatic cancer. Gut 2017, 66, 124–136. [CrossRef]

16. Candido, J.B.; Morton, J.P.; Bailey, P.; Campbell, A.D.; Karim, S.A.; Jamieson, T.; Lapienyte, L.; Gopinathan, A.;
Clark, W.; McGhee, E.J.; et al. CSF1R(+) macrophages sustain pancreatic tumor growth through T cell
suppression and maintenance of key gene programs that define the squamous subtype. Cell Rep. 2018, 23,
1448–1460. [CrossRef] [PubMed]

17. Abate-Daga, D.; Lagisetty, K.H.; Tran, E.; Zheng, Z.; Gattinoni, L.; Yu, Z.; Burns, W.R.; Miermont, A.M.;
Teper, Y.; Rudloff, U.; et al. A novel chimeric antigen receptor against prostate stem cell antigen mediates
tumor destruction in a humanized mouse model of pancreatic cancer. Hum. Gene Ther. 2014, 25, 1003–1012.
[CrossRef]

18. Halbrook, C.J.; Pontious, C.; Kovalenko, I.; Lapienyte, L.; Dreyer, S.; Lee, H.J.; Thurston, G.; Zhang, Y.;
Lazarus, J.; Sajjakulnukit, P.; et al. Macrophage-released pyrimidines inhibit gemcitabine therapy in pancreatic
cancer. Cell Metab. 2019, 29, 1390.e6–1399.e6. [CrossRef]

19. Mitchem, J.B.; Brennan, D.J.; Knolhoff, B.L.; Belt, B.A.; Zhu, Y.; Sanford, D.E.; Belaygorod, L.; Carpenter, D.;
Collins, L.; Piwnica-Worms, D.; et al. Targeting tumor-infiltrating macrophages decreases tumor-initiating
cells, relieves immunosuppression, and improves chemotherapeutic responses. Cancer Res. 2013, 73,
1128–1141. [CrossRef]

20. Bapiro, T.E.; Richards, F.M.; Goldgraben, M.A.; Olive, K.P.; Madhu, B.; Frese, K.K.; Cook, N.; Jacobetz, M.A.;
Smith, D.M.; Tuveson, D.A.; et al. A novel method for quantification of gemcitabine and its metabolites
2′,2′-difluorodeoxyuridine and gemcitabine triphosphate in tumour tissue by LC-MS/MS: Comparison with
(19)F NMR spectroscopy. Cancer Chemother. Pharmacol. 2011, 68, 1243–1253. [CrossRef]

21. Neesse, A.; Frese, K.K.; Bapiro, T.E.; Nakagawa, T.; Sternlicht, M.D.; Seeley, T.W.; Pilarsky, C.; Jodrell, D.I.;
Spong, S.M.; Tuveson, D.A. CTGF antagonism with mAb FG-3019 enhances chemotherapy response without
increasing drug delivery in murine ductal pancreas cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 12325–12330.
[CrossRef] [PubMed]

22. Bapiro, T.E.; Frese, K.K.; Courtin, A.; Bramhall, J.L.; Madhu, B.; Cook, N.; Neesse, A.; Griffiths, J.R.;
Tuveson, D.A.; Jodrell, D.I.; et al. Gemcitabine diphosphate choline is a major metabolite linked to the
Kennedy pathway in pancreatic cancer models in vivo. Br. J. Cancer 2014, 111, 318–325. [CrossRef] [PubMed]

23. Hingorani, S.R.; Petricoin, E.F.; Maitra, A.; Rajapakse, V.; King, C.; Jacobetz, M.A.; Ross, S.; Conrads, T.P.;
Veenstra, T.D.; Hitt, B.A.; et al. Preinvasive and invasive ductal pancreatic cancer and its early detection in
the mouse. Cancer Cell. 2003, 4, 437–450. [CrossRef]

http://dx.doi.org/10.15252/emmm.201404346
http://dx.doi.org/10.1136/gutjnl-2016-311954
http://dx.doi.org/10.1158/2159-8290.CD-19-0094
http://www.ncbi.nlm.nih.gov/pubmed/31197017
http://dx.doi.org/10.1136/gutjnl-2015-310049
http://www.ncbi.nlm.nih.gov/pubmed/27013602
http://dx.doi.org/10.1053/j.gastro.2015.04.010
http://www.ncbi.nlm.nih.gov/pubmed/25888329
http://dx.doi.org/10.1158/0008-5472.CAN-13-3723
http://dx.doi.org/10.1136/gutjnl-2016-312078
http://dx.doi.org/10.1016/j.celrep.2018.03.131
http://www.ncbi.nlm.nih.gov/pubmed/29719257
http://dx.doi.org/10.1089/hum.2013.209
http://dx.doi.org/10.1016/j.cmet.2019.02.001
http://dx.doi.org/10.1158/0008-5472.CAN-12-2731
http://dx.doi.org/10.1007/s00280-011-1613-0
http://dx.doi.org/10.1073/pnas.1300415110
http://www.ncbi.nlm.nih.gov/pubmed/23836645
http://dx.doi.org/10.1038/bjc.2014.288
http://www.ncbi.nlm.nih.gov/pubmed/24874484
http://dx.doi.org/10.1016/S1535-6108(03)00309-X


Cancers 2020, 12, 1978 12 of 12

24. Neesse, A.; Frese, K.K.; Chan, D.S.; Bapiro, T.E.; Howat, W.J.; Richards, F.M.; Ellenrieder, V.; Jodrell, D.I.;
Tuveson, D.A. SPARC independent drug delivery and antitumour effects of nab-paclitaxel in genetically
engineered mice. Gut 2014, 63, 974–983. [CrossRef]

25. Aiello, N.M.; Bajor, D.L.; Norgard, R.J.; Sahmoud, A.; Bhagwat, N.; Pham, M.N.; Cornish, T.C.;
Iacobuzio-Donahue, C.A.; Vonderheide, R.H.; Stanger, B.Z. Metastatic progression is associated with
dynamic changes in the local microenvironment. Nat. Commun. 2016, 7, 12819. [CrossRef]

26. Clark, C.E.; Hingorani, S.R.; Mick, R.; Combs, C.; Tuveson, D.A.; Vonderheide, R.H. Dynamics of the immune
reaction to pancreatic cancer from inception to invasion. Cancer Res. 2007, 67, 9518–9527. [CrossRef]

27. Neesse, A.; Bauer, C.A.; Ohlund, D.; Lauth, M.; Buchholz, M.; Michl, P.; Tuveson, D.A.; Gress, T.M. Stromal
biology and therapy in pancreatic cancer: Ready for clinical translation? Gut 2019, 68, 159–171. [CrossRef]

28. Clappaert, E.J.; Murgaski, A.; Van Damme, H.; Kiss, M.; Laoui, D. Diamonds in the Rough: Harnessing
Tumor-Associated Myeloid Cells for Cancer Therapy. Front. Immunol. 2018, 9, 2250. [CrossRef]

29. Jacobetz, M.A.; Chan, D.S.; Neesse, A.; Bapiro, T.E.; Cook, N.; Frese, K.K.; Feig, C.; Nakagawa, T.;
Caldwell, M.E.; Zecchini, H.I.; et al. Hyaluronan impairs vascular function and drug delivery in a mouse
model of pancreatic cancer. Gut 2013, 62, 112–120. [CrossRef]

30. Olive, K.P.; Jacobetz, M.A.; Davidson, C.J.; Gopinathan, A.; McIntyre, D.; Honess, D.; Madhu, B.;
Goldgraben, M.A.; Caldwell, M.E.; Allard, D.; et al. Inhibition of Hedgehog signaling enhances delivery of
chemotherapy in a mouse model of pancreatic cancer. Science 2009, 324, 1457–1461. [CrossRef]

31. Hingorani, S.R.; Wang, L.; Multani, A.S.; Combs, C.; Deramaudt, T.B.; Hruban, R.H.; Rustgi, A.K.; Chang, S.;
Tuveson, D.A. Trp53R172H and KrasG12D cooperate to promote chromosomal instability and widely
metastatic pancreatic ductal adenocarcinoma in mice. Cancer Cell 2005, 7, 469–483. [CrossRef] [PubMed]

32. Goetze, R.G.; Buchholz, S.M.; Patil, S.; Petzold, G.; Ellenrieder, V.; Hessmann, E.; Neesse, A. Utilizing High
resolution ultrasound to monitor tumor onset and growth in genetically engineered pancreatic cancer models.
Jove J. Vis. Exp. 2018. [CrossRef]

33. Van Rooijen, N.; Sanders, A. Liposome mediated depletion of macrophages: Mechanism of action, preparation
of liposomes and applications. J. Immunol. Methods 1994, 174, 83–93. [CrossRef]

34. Tsuchiya, S.; Yamabe, M.; Yamaguchi, Y.; Kobayashi, Y.; Konno, T.; Tada, K. Establishment and characterization
of a human acute monocytic leukemia cell line (THP-1). Int. J. Cancer 1980, 26, 171–176. [CrossRef] [PubMed]

35. Hwang, R.F.; Moore, T.; Arumugam, T.; Ramachandran, V.; Amos, K.D.; Rivera, A.; Ji, B.; Evans, D.B.;
Logsdon, C.D. Cancer-associated stromal fibroblasts promote pancreatic tumor progression. Cancer Res.
2008, 68, 918–926. [CrossRef] [PubMed]

36. Jesnowski, R.; Furst, D.; Ringel, J.; Chen, Y.; Schrodel, A.; Kleeff, J.; Kolb, A.; Schareck, W.D.; Lohr, M.
Immortalization of pancreatic stellate cells as an in vitro model of pancreatic fibrosis: Deactivation is induced
by matrigel and N-acetylcysteine. Lab Investig. 2005, 85, 1276–1291. [CrossRef]

37. Li, C.M.; Levin, M.; Kaplan, D.L. Bioelectric modulation of macrophage polarization. Sci. Rep. 2016, 6.
[CrossRef]

38. Kuhnemuth, B.; Muhlberg, L.; Schipper, M.; Griesmann, H.; Neesse, A.; Milosevic, N.; Wissniowski, T.;
Buchholz, M.; Gress, T.M.; Michl, P. CUX1 modulates polarization of tumor-associated macrophages by
antagonizing NF-kappaB signaling. Oncogene 2015, 34, 177–187. [CrossRef]

39. Muhlberg, L.; Kuhnemuth, B.; Costello, E.; Shaw, V.; Sipos, B.; Huber, M.; Griesmann, H.; Krug, S.; Schober, M.;
Gress, T.M.; et al. miRNA dynamics in tumor-infiltrating myeloid cells modulating tumor progression in
pancreatic cancer. Oncoimmunology 2016, 5, e1160181. [CrossRef]

40. Francke, A.; Herold, J.; Weinert, S.; Strasser, R.H.; Braun-Dullaeus, R.C. Generation of mature murine
monocytes from heterogeneous bone marrow and description of their properties. J. Histochem. Cytochem.
2011, 59, 813–825. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1136/gutjnl-2013-305559
http://dx.doi.org/10.1038/ncomms12819
http://dx.doi.org/10.1158/0008-5472.CAN-07-0175
http://dx.doi.org/10.1136/gutjnl-2018-316451
http://dx.doi.org/10.3389/fimmu.2018.02250
http://dx.doi.org/10.1136/gutjnl-2012-302529
http://dx.doi.org/10.1126/science.1171362
http://dx.doi.org/10.1016/j.ccr.2005.04.023
http://www.ncbi.nlm.nih.gov/pubmed/15894267
http://dx.doi.org/10.3791/56979
http://dx.doi.org/10.1016/0022-1759(94)90012-4
http://dx.doi.org/10.1002/ijc.2910260208
http://www.ncbi.nlm.nih.gov/pubmed/6970727
http://dx.doi.org/10.1158/0008-5472.CAN-07-5714
http://www.ncbi.nlm.nih.gov/pubmed/18245495
http://dx.doi.org/10.1038/labinvest.3700329
http://dx.doi.org/10.1038/srep21044
http://dx.doi.org/10.1038/onc.2013.530
http://dx.doi.org/10.1080/2162402X.2016.1160181
http://dx.doi.org/10.1369/0022155411416007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Gemcitabine Concentration is Increased in Murine Pancreatic Tumors Compared to Pancreatic Intraepithelial Neoplasia and Normal Pancreas Tissue 
	Murine and Human Macrophages Reduce Cytotoxicity of Gemcitabine In Vitro 
	Macrophages Rapidly Metabolize and Inactivate Gemcitabine 
	Pharmacological Depletion of TAMs Using Liposomal Clodronate Sensitizes KPC Tumors to Gemcitabine Treatment 

	Discussion 
	Materials and Methods 
	Genetically Engineered Mouse Models 
	Therapeutic Intervention 
	Liquid Chromatography–Mass Spectrometry/Mass Spectrometry (LC–MS/MS) 
	Drug Preparation 
	Cell Lines 
	Human Macrophage Polarization 
	Murine Macrophage Isolation 
	Culture with Conditioned Medium 
	Cell Viability Assays 
	Statistical Analysis 

	References

