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Advanced macrolides, such as azithromycin (AZM) or clarithromycin (CLM), are antibiotics with
immunomodulatory properties. Here we have sought to evaluate their in vitro influence on the activation of
CD4* T-cells. Isolated CD4" T-cells were stimulated with agonistic anti-CD3/anti-CD28 monoclonal
antibodies in the presence of 0.6 mg/L, 2.5 mg/L, 10 mg/L or 40 mg/L AZM or CLM. Cell proliferation,
cytokine level in supernatants and cell viability was assessed. Intracellular signaling pathways were evaluated
using reporter cell lines, FACS analysis, immunoblotting and in vitro kinase assays. AZM inhibited cell
proliferation rate and cytokine secretion of CD4" T-cells in a dose-dependent manner. Similarly, high
concentrations of CLM (40 mg/L) also suppressed these T-cell functions. Analysis of molecular signaling
pathways revealed that exposure to AZM reduced the phosphorylation of the S6 ribosomal protein, a
downstream target of mTOR. This effect was also observed at 40 mg/L CLM. In vitro kinase studies using
recombinant mTOR showed that AZM inhibited mTOR activity. In contrast to rapamycin, this inhibition
was independent of FKBP12. We show for the first time that AZM and to a lesser extent CLM act as
immunosuppressive agents on CD4" T-cells by inhibiting mTOR activity. Our results might have
implications for the clinical use of macrolides.

They inhibit bacterial protein synthesis by reversibly binding to the prokaryotic 50S ribosomal subunit’,
whereas effects on eukaryotic ribosomes are not described. Due to their beneficial pharmacokinetics,

advanced macrolides, including azithromycin (AZM) and clarithromycin (CLM), are widely used to medicate
respiration tract infections, sexually transmitted diseases and Helicobacter pylori-associated peptic ulcer diseases®.
Due to a high degree of cellular penetration, AZM and CLM reach 10 to 100 fold higher concentrations in body
tissues, and enrich in leukocytes at more than 100 fold higher concentrations compared serum levels®”. The
penetration efficacy depends on environmental factors, such as pH, extracellular calcium concentrations, tem-
perature and inflammatory stimuli, as well as on the cell type®*™'°. In contrast to CLM and other macrolides, AZM
has unique characteristics, being an azalide derivate which does not inhibit the human CYP3A4 oxidases'.

Particularly, in patients suffering from lung diseases and chronic diseases with an auto-immune component,
beneficial therapeutic effects of macrolide treatment have been observed. Clinical efficacy of AZM and CLM has
been shown for the prevention of exacerbation in patients with chronic obstructive pulmonary disease
(COPD)'*?, cystic fibrosis'*'* and non-cystic fibrosis bronchiectasis®. Similarly, in patients suffering from
diffuse panbronchiolitis', bronchiolitis obliterans syndrome after lung transplantation'”'* and patients with
asthma'?', clinical improvements have been demonstrated following administration of AZM or CLM.

Obviously, immunomodulatory effects might also occur in patients without the need of any immunotherapy,
e.g. patients during the immunodepressed phase of a severe sepsis* or HIV positive patients with a low CD4*
count. Especially, the latter group of patients is of high relevance, since AZM and CLM are the first line
prophylaxis against atypical mycobacterial infections in HIV positive patients with less than 50 CD4" T-cells
per ul peripheral blood™.

Thus, in order to fully harness the immunomodulatory potential of macrolides, the assessment of their effects
on individual immune cell subsets is necessary. To date, research has mainly focused on the innate immune
system, especially characterizing macrolide mediated modulation of monocytes® *". At the cytokine expression

M acrolides are a group of antimicrobial substances with well-described immunomodulatory properties'>.
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level, alterations of various pro-inflammatory cytokines, such as
interleukin (IL)-1 beta, IL-8, IL-17 or tumor necrosis factor (TNF)
- alpha have been described®**. Several candidates are discussed as
the underlying molecular targets responsible for these effects, includ-
ing cellular c-jun N-terminal kinase (JNK), extracellular signal-regu-
lated kinase (ERK) and activator protein-1 (AP-1)***>%%,

Yet, only few studies about the impact of AZM or CLM on adapt-
ive immune cells were conducted. In these studies, both AZM and
CLM were identified as inducers of apoptosis in lymphocytes at
concentrations at or above 100 mg/L**~**. Mechanistically, these
effects were dependent on the Fas-FasL pathway and down-regu-
lation of the anti-apoptotic protein Bcl-xL. These studies provide
first indications that macrolides might also influence lymphocyte
responses. However, the exact molecular targets as well as the influ-
ence of AZM and CLM on distinct lymphocyte subsets have not been
fully characterized so far.

Among a plethora of intracellular signaling cascades, only a few
are critical for T-cell activation. These pathways also constitute tar-
gets of immunosuppressive drugs. The mammalian target of rapa-
mycin (mTOR) pathway represents one of these critical factors. The
mTOR, a serine/threonine protein kinase, mainly acts as a sensor for
the nutrient state of T-cells, but is also regulated by the CD28 co-
stimulatory receptor®. The phosphoinositide 3-kinase (PI3-K) acts
as an important signaling module upstream of mTOR**. Rapamycin
(RAPA), a macrolide without bactericidal activity, inhibits mTOR
function via complex formation with the FK506 binding protein 12
(FKBP12). This inhibition is sufficient to completely abrogate T-cell
activation including proliferation and cytokine secretion. Due to this
potency, RAPA is routinely used in clinical application as an immu-
nosuppressive drug for the prevention and therapy of transplant
rejection®. However, reports also show that the usage of
RAPA can be accompanied by severe side effects including lympho-
cytic alveolitis, interstitial pneumonitis, and severe forms of
glomerulonephritis™.

In consideration of its clinical relevance, investigations on the
effects of macrolides on well-defined populations of adaptive
immune cells are highly warranted. Consequently, the aim of this
study was to assess effects of the AZM and CLM on CD4* T-cell
effector functions. For that purpose, the effect of AZM and CLM on
CD4" T-cell activation and on intracellular signaling factors includ-
ing ERK, p38 and mTOR were studied.

Results

Suppression of CD4" T-cells proliferation following activation.
Highly purified CD4* T-cells were activated in the presence of titrated
levels of AZM (Zithromax®), CLM (Klacid®), or antibiotic-free
medium. In thymidine incorporation assays, cell proliferation levels
of CD4*% T-cells were significantly reduced in cells exposed to
indicated macrolides (p < 0.001, see: Figure 1A; for absolute values
from one representative donor see Supplementary Figure 1). A slight
reduction of cellular proliferation was found already at 0.6 mg/L
AZM, which did not reach statistical significance (p = 0.21). At a
fourfold higher concentration (2.5 mg/L) a significant reduction of
cellular proliferation was observed in T-cells exposed to AZM (p =
0.001), but not following exposure to CLM (p > 0.999). A
concentration of 10 mg/L AZM reduced T-cell proliferation to a
median proliferation rate of 0.45 (p < 0.001). In contrast to AZM,
the presence of CLM at this concentration had no significant influence
on the proliferation rate (median: 0.72, p = 0.066). At 40 mg/L AZM,
T-cell proliferation was strongly reduced (median: 0.10, p < 0.001),
whereas exposure to 40 mg/L CLM suppressed the median
proliferation to 0.54 (p = 0.002). Generally, the magnitude of the
suppressive effect of AZM was significantly higher than the effect of
CLM (0.6 mg/L: p = 0.023, 2.5 mg/L: p = 0.008, 10 mg/L p = 0.008,
40 mg/L: p = 0.014). Results did not depend on the used drug
formulation (i.v. formulation versus highly purified substance, data
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Figure 1| Suppression of CD4* T-cells proliferation following
activation. (A) Median proliferation values (with quartile 1 and quartile 3)
normalized to the respective antibiotic-free medium control from
thymidine incorporation assays from CD4" T-cells from ten apparently
healthy volunteers; if not otherwise indicated, all statistical comparisons
relate to the antibiotic-free medium control; n.s. not significant. (B)
Proliferation of eFluor670 CPD labeled CD4™ T-cells 96 hours after
stimulation in the presence of antibiotic-free medium or the indicated
concentrations of AZM and CLM; numbers indicate division index; one
representative experiment (n = 4) is depicted.

not shown). Each increase of AZM dose led to a significant reduction
of the T-cell proliferation (p values: =0.001), indicating a dose-
dependency in this suppression. For confirmation of these effects of
AZM and CLM, a second proliferation test was performed, using T-
cells labeled with a fluorescent tracer. Figure 1B presents the graphical
results, demonstrating a similar suppressive effect for AZM at a
concentration of 10 mg/L, as for 40 mg/L CLM (p = 0.475).

Suppression of T-cell cytokine secretion. To further assess the
influence of AZM and CLM on CD4" T-cell function, the
secretion of effector cytokines was measured in cell culture
supernatants (Figure 2, Supplementary Table S1). Already at a
concentration of 2.5 mg/L AZM, a significant reduction of IL-2,
IL-10 (p = 0.002), and IFN-gamma (p < 0.001) was observed,
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Figure 2 | Cytokine production. Mean secretion values (+SD) after 24 hours (IL-2) or 72 hours (IFN-gamma, IL-10, IL-13, IL-17) from triplicate
cultures of CD4™ T-cells from one representative donor activated in the presence of the indicated concentrations of AZM (black bars) and clarithromycin
CLM (white bars). Antibiotic-free medium and RAPA (100 nM) served as controls.

whereas in presence of 2.5 mg/L CLM no significant change of
cytokines was found. At an AZM concentration of 10 mg/L
normalized mean levels of effector cytokines were reduced to 0.40
for IL-2 (p < 0.001), 0.34 for IL-10 (p < 0.001), 0.67 for IL-13 (p <
0.001), 0.53 for IL-17 (p < 0.001) and 0.50 for IFN-gamma (p <
0.001). In cells exposed to 10 mg/L CLM, solely IL-2 presented with a
significant reduction to 0.78 mean expression (p = 0.006). At 40 mg/
L AZM or CLM, secretion of all cytokines measured was further

reduced (p-value range: <0.001 to 0.041). However, when
comparing the suppressive potency of AZM and CLM at this
concentration, a significant difference was found for IL-2 (p =
0.036), IL-10 (p = 0.003), IL-13 (p = 0.006), IL-17 (p = 0.017)
and IFN-gamma (p = 0.003). Similar to proliferation, values
obtained from the supernatant of T-cell exposed to 10 mg/L AZM

were comparable to values obtained from those exposed to 40 mg/L
CLM.
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Dose dependent induction of apoptosis. To discriminate whether
these immunosuppressive functions of AZM and CLM are mediated
by the inhibition of activation or the induction of cell death, cell
viability was assessed by apoptosis assays with CD4" T-cells from
eight healthy donors. The cell viability in antibiotic free medium
treated cells 72 hours after activation ranged between 44 to 91%.
No significant decrease in cell viability was observed at an AZM
concentration of 2.5 mg/L (normalized median: 0.94, IQR: 0.87-
1.03, p > 0.999, Figure 3A). At an AZM concentration of 10 mg/L,
a slight decrease in viability of the cultures was measured (median:
0.85, IQR: 0.69-0.90), which was not found to be statistically
significant (p = 0.139). Cell viability was strongly reduced to a
median level of 0.45 (IQR: 0.26-0.46, p = 0.001), at an AZM
concentration of 40 mg/L. In contrast, cellular viability in T-cells
exposed to CLM was not significantly affected at all tested
concentrations.

To further substantiate these observations, activation of the cas-
pases 3 and 7 was assessed in responses to exposure to AZM and
CLM. Similarly to the results obtained in the Annexin V/PI stainings,
no significant increase in caspase 3/7 activity could be found at AZM
concentrations of 2.5 mg/L (p = 0.932) and 10 mg/L (p = 0.863). At
AZM 40 mg/L, caspase activity was approximately two-fold
increased (p = 0.001). In contrast, exposure to CLM did not affect
caspase activity in T-cells (Figure 3B).

Assessment of intracellular signaling pathways. In order to define
the molecular mechanisms underlying the immunosuppressive
function of AZM, we first assessed the effects of AZM on
intracellular signaling pathways using Jurkat reporter cell lines.
Exposure to 10 mg/L AZM did not affect NFAT (p = 0.999), NF-
kB (p = 0.136) and AP1 promoter activity (p = 0.116). Comparable
results were observed for exposure with 100 nM RAPA (p = 0.461,
p = 0.275, p = 0.055, respectively). Specificity of the assays was
confirmed by use of the calcineurin inhibitor Cyclosporin A (CsA)
and the protein kinase C inhibitor GO6983 (Figure 4 and
Supplementary Figure S2).

Earlier reports have indicated that AZM inhibits phosphorylation
of the MAP-kinase ERK in mononuclear cells**. In our experimental
setting, no difference in the phosphorylation of ERK was observed
between AZM treated T-cells and controls in four healthy donorsina
time course of 60 minutes following activation (data not shown). In
accordance, flow cytometric analyses of PMA-activated CD4" T-
cells showed that phosphorylation of the MAP-kinases ERK and
P38 was not altered by AZM (Figure 5).

Since these assays suggested that MAP-kinase and calcineurin-
NFAT signaling are not inhibited by AZM, we subsequently inves-
tigated the effect of macrolides on the mTOR pathway. For that
purpose the phosphorylation status of the S6 ribosomal protein
(S6RP, a consensus mTOR target protein) was assessed in AZM,
CLM, RAPA or antibiotic free medium exposed T-cells by flow cyto-
metry (Figure 6A). T-cell activation resulted in a robust S6RP phos-
phorylation 24 hours after stimulation (33.9 to 45.1% positive cells,
n = 4), which was nearly completely abrogated by RAPA. Exposure
to AZM led to a significant stepwise reduction of the S6RP phos-
phorylation, starting with AZM 2.5 mg/L (mean: 0.92, p = 0.005).
AZM 10 mg/L decreased phosphorylation to a normalized mean of
0.64 (p < 0.001), while AZM 40 mg/L led to a further reduction to
0.27 (p < 0.001). In contrast to AZM, CLM only showed a significant
decrease at 40 mg/L (mean: 0.70, p < 0.001, Figure 6A).

Since the quality and magnitude of a T-cell response is to a great
extent decided within the first hours following activation®, we also
assessed S6RP phosphorylation in a time course of 60 minutes post
stimulation. For these analyses, immunoblotting was used which has
a higher sensitivity for protein phosphorylation than flow cytometry.
As above, AZM treated CD4" T-cells from four healthy donor pre-
sented with a significant reduction of the phosphorylation signal of
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Figure 3 | Dose dependent induction of apoptosis. (A) Dot plots
depicting Annexin V (x-axis) and propidium iodide (y-axis) stainings
from CD4" T-cells exposed to antibiotic-free medium or the indicated
concentrations of AZM and CLM 72 hours after activation; data from one
representative individual (n = 8) are depicted; numbers in the quadrants
indicate respective percentage of viable cells (lower left), early apoptotic
cells (lower right) and late apoptotic cells (upper right). (B) Relative
caspase 3/7 activity of CD4" T-cells exposed to antibiotic-free medium or
the indicated concentrations of AZM and CLM 24 hours after activation;
cumulative data (mean + SD) from four apparently healthy donors are
depicted; n.s. not significant.
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Figure 4 | Assessment of NFAT, NF-kB and AP-1 signaling pathways.
Mean promoter activity values (+SD) from Jurkat T-cells activated in the
presence of the indicated substances (AZM 10 mg/L; RAPA 100 nM; CsA
1 uM, GO6983 10 uM) normalized to the respective antibiotic-free
medium control from four independent experiments.

S6RP compared to medium treated cells (p < 0.001). A first phos-
phorylation signal could be detected in medium treated cells after 20
minutes post activation and reached peak levels after 60 minutes.
Similarly, a very weak phosphorylation signal of S6RP was observed
in AZM treated cells after 20 minutes. However, overall signal
strength did not reach the magnitude of medium treated cells at
subsequent time points. This difference between AZM-treated and
medium treated T-cells was especially pronounced 45 minutes
(mean reduction: 44%, p = 0.032) and 60 minutes (mean reduction:
43%, p = 0.003) after activation (Figure 6B).

In order to further define the mechanism of action, we assessed the
influence of AZM on the activity of recombinant mTOR in vitro
using phosphorylation of a recombinant p70S6K-GST fusion protein
as readout. Addition of 500 nM RAPA was used to validate the assay.
In accordance with observations about the mechanism of action of
RAPA, a strong suppression of mTOR activity (reduction 67.3%, p <
0.001) was found in the presence of recombinant FKBP12, while no
influence on mTOR activity could be detected in the absence of
FKBP12. In contrast, a dose-dependent inhibition of mTOR activity
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Figure 5 | Assessment of MAP kinase signaling pathways. Flow cytometry
results for expression of phosphorylated ERK (left panels) or
phosphorylated p38 (right panels) in PMA-activated T-cells treated with
either antibiotic-free medium, 100 nM RAPA or 10 mg/L AZM (bold
lines) and compared to unstimulated T-cells (fine lines). grey filled
histograms: isotype control staining; values indicate mean fluorescence
expression; one representative experiment (n = 3) is depicted.

was measured in the presence of AZM, independently of the presence
of recombinant FKBP12 (Figure 7). At a concentration of 1000 mg/
L, AZM suppressed mTOR activity by 31.5% (p < 0.001) in the
presence of FKBP12 and 27.0% (p < 0.001) in the absence of
FKBP12 indicating that AZM acts as a direct mTOR kinase activity
inhibitor. A major activating factor for mTOR is the phosphoinosi-
tide 3 kinase (PI3-K)*. Consequently, we also tested the effect of
AZM on the activity of recombinant PI3-K using the generation of
phosphatidyl-inositol 3 phosphate (PIP;) from phosphatidyl-inosi-
tol 2 phosphate (PIP,) as readout. Even at high concentrations
(1000 mg/L) no inhibition (p = 0.6267) of PI3-K activity could be
observed.

Discussion
The aim of this study was to investigate in vitro effects of AZM and
CLM on human CD4" T-cells. We observed that AZM acts as a
potent suppressor of T-cell activation, whereas approximately
four-fold higher levels of CLM are needed to achieve similar sup-
pressive effects. Exposition to AZM and high levels of CLM
decreased cell proliferation as well as secretion of effector cytokines.
In case of AZM, this process was found to be dose-dependent. Cell
viability assays confirmed that these effects were caused by specific
immunosuppression and not by the induction of apoptosis. As a
mechanism of action we identified that AZM inhibited mTOR kinase
activity independently of FKBP12.

Several clinical studies on diseases with an auto-inflammatory or
auto-immune background have described a therapeutic effect for
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Figure 6 | Assessment of SGRP phosphorylation. (A) Flow cytometry
results for phosphorylation of S6RP at Ser240 in unstimulated T-cells and
T-cells activated in the presence of antibiotic-free medium, 100 nM RAPA
and the indicated concentrations of AZM and CLM; black line depicts
specific staining; grey filled histograms depict staining with isotype-
matched control antibody; numbers indicate percentage of positive cells;
one representative experiment (n = 4) is depicted. (B) Immunoblotting
results; whole cell-lysates were prepared from CD4* T-cells after activation
in the absence (antibiotic-free medium) or presence of azithromycin
(AZM; 10 mg/L) at the indicated time points (minutes, min). Samples
(both medium and AZM) were loaded on the same gel. After the transfer
on a PVDF membrane, samples were first probed with an anti-phospho-
S6RP antibody. Following band visualization, the membrane was further
probed with a total anti-S6RP antibody. For presentation of data, the
respective lanes taken from the same membrane were digitalized and
cropped: phospho-S6RP (upper lanes) and total S6RP (lower lanes).
Dagger and double-dagger sign indicate cropping from the same
membrane lane. Numbers indicate phospho-S6RP/total S6RP ratio; one
representative experiment (n = 4) is depicted; immunoblotting was
performed under constant conditions for each blot, including resolving
time, transfer time, antibody concentrations and exposure time.

(C) Cumulative phospho-S6RP/total S6RP ratios determined by
densitometry from four independently performed experiments; black:
antibiotic-free medium, grey: AZM (10 mg/L).

AZM and CLM, which could not be explained by its anti-bacterial
properties'>'>". Interestingly, although T-cells are strongly involved
in the regulation of virtually any immune response, the immunomo-
dulatory effects of macrolides on T-cells have to date not been thor-
oughly characterized. In this respect, we have shown for the first time
that AZM and CLM directly exert suppressive effects on the activa-
tion of purified CD4" T-cells.

According to their cytokine secretion profile, CD4" T-cell res-
ponses can be classified into different T-helper cell (Th) subsets.
Several reports indicate that these diverse Th-subsets might have
different sensitivities towards inhibition by immunosuppressive
drugs®®*, although some drugs such as RAPA influence all Th-sub-
sets®. Similarly, we found that AZM decreased secretion of all
assessed cytokines. This indicates that AZM might have a general
influence on CD4" T-cells independently of their subset polariza-
tion. To further substantiate this observation, in-depth experiments
with T-cells polarized towards distinct subsets are clearly needed.
Although also implied as an immunomodulatory agent, only high
concentrations of CLM had significant effects on the proliferation
rate and for the most part on effector cytokine secretion of CD4" T-
cells. These findings are in line with a cytokine expression study in
PMA/ionomycin activated T-cells using up to 125 mg/L CLM.
There, CLM induced a slight reduction of intracellular IL-4 produc-
tion, starting at levels of 20 mg/L CLM, whereas the IFN-gamma
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Figure 7 | Assessment of mTOR and PI3-K activity in vitro. (A) In vitro
activity of recombinant mTOR; samples were treated with RAPA

(500 nM) or indicated AZM concentration and normalized to positive
control, grey: samples without FKBP12, black: samples with FKBP12;
cumulative data from two independent experiments (mean + SD)
analyzed in quadruplet are depicted; n.s.: not significant. (B) In vitro
activity of recombinant PI3-K, samples were treated with the indicated
AZM concentrations and normalized to the positive control; data are
representative of mean + SD from quintuplet measurements; n.s.: not
significant.
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production was not altered*. The present findings suggest that the
immunomodulatory potency of CLM in T-cells is less pronounced
than the immunomodulatory potency of AZM, which is also sup-
ported by observations made in clinical studies. While the effects of
AZM in the prevention of exacerbations in COPD or bronchiolitis
obliterans syndrome after lung transplantation and in the treatment
of asthma are consistent, several studies evaluating CLM in these
indications could not demonstrate advantages regarding survival
or clinical endpoints**~*,

The underlying question is whether the intrinsic inhibitory poten-
cies of AZM and CLM were different or whether the observed differ-
ences of effects were based on altered intracellular concentrations in
T-cells. In pharmacokinetic (PK) studies, tissue levels of AZM and
CLM during standard therapy both range between 5 to 10 mg/L*.
Moreover, macrolides show massive intracellular accumulation
which depends on extracellular factors pH, temperature or an
inflammatory environment as well as on the cell type®'°. So far, most
studies have assessed intracellular concentration in preparations of
mononuclear leukocytes and polymorphonuclear leukocytes. In con-
trast, there is a considerable lack of knowledge about pharmaco-
logical properties in purified lymphocytes fractions. Yet, it can be
assumed that a several hundred-fold enrichment of macrolides can
also be found in T-cells similar to other leukocytes. In this regard,
investigations also into the in vivo enrichment of macrolides are
highly warranted. Furthermore, apart from standard application,
long-term, low dosage regimens for the therapy with macrolides
exist, which may have distinct PK properties. Although low doses
(0.6 mg/L) of AZM had no apparent direct effect on T-cell function
in our short-term assays, further studies assessing long-term effects,
are also needed. Regarding the mechanism of action, previous studies
have shown that AZM is a strong inducer of apoptosis in lympho-
cytes®* . However, in these studies, AZM concentrations exceed
more than ten-fold the concentrations (up to 200 mg/L) usually
found in tissues. In the present study, the effect of AZM on T-cell
viability was investigated at concentrations (up to 10 mg/L) obtained
in lymph nodes and lung tissue of individuals taking standard dos-
age**™°. At these levels T-cell viability following activation was only
minimally reduced, and caspase activity did not differ from T-cells in
antibiotic free medium. When AZM levels were increased to 40 mg/
L, a significant increase of apoptosis rate and caspase activity was
observed, which is in line with the above mentioned reports. In
contrast, CLM up to 40 mg/L had no influence on the viability and
caspase activity of T-cells.

Several molecular signaling pathways have been described as
immunomodulatory targets of AZM in innate immune cells, includ-
ing the inhibition of ERK phosphorylation®. In the present study
ERK phosphorylation was not altered by AZM in CD4" T-cells
within 60 minutes following stimulation. However, our observations
need not necessarily contradict previous observations since substan-
tial experimental differences exist. In a study by Hiwatashi et al., the
modulation of ERK and JNK phosphorylation by AZM was analyzed
after 48 hours*. Furthermore, peripheral blood mononuclear cells
were assessed as opposed to highly purified CD4* T-cells used by us.
Consequently, their observations might reflect molecular events in
monocytes or lymphocytes other than CD4" T-cells.

Since our results suggest that NFAT and MAP kinase signaling are
not affected by AZM, we analyzed the mTOR pathway, which is a
major signaling pathway and crucial for nutrient, hormonal and co-
stimulatory signal sensing in T-cells**. Using phosphorylation of a
consensus mTOR target protein S6RP as readout, we showed that
AZM and high concentrations of CLM interfered with mTOR sig-
naling. In these signaling assays, the immunosuppressive capacity of
10 mg/L AZM and 40 mg/L CLM, reached approximately 50 percent
of the suppression mediated by RAPA. Interestingly, this effect was
sufficient to achieve nearly similar results on cell proliferation mea-
sured in thymidine incorporation assays (Supplementary Figure 1).

In order to further define the molecular effect of AZM on mTOR
signaling we performed an in vitro kinase assay using phosphoryla-
tion of the recombinant p70S6K by a recombinant catalytic fragment
of mTOR as readout. In these experiments we could show that AZM
down-regulates mTOR activity at a concentration of 1000 mg/L by
approximately 30%, which roughly correlates with the suppression of
functional effects. Given that pharmacokinetic studies have indicated
that AZM gets enriched in leukocytes more than 100-fold above
serum levels®’, it is highly likely that the relevant mTOR inhibitory
intracellular concentrations are reached in CD4 " T-cells treated with
10 mg/L AZM in the culture medium. In contrast to RAPA, we
found this inhibition of mTOR kinase activity to be independent
of the presence of FKBP12. Thus, although AZM shares structural
features with RAPA, AZM directly acts on the mTOR protein with-
out the need for co-factors. In this respect it will be interesting to
further analyze the interaction between AZM and the mTOR protein
using bio-structural methods. Activity of mTOR is governed by a
multitude of upstream signaling molecules. Among these, the PI3-
kinase acts as a major upstream mTOR activator. Previous studies
have implied that treatment with AZM leads to activation of PI3-
K°"*?, However, using an in vitro kinase assay, we could not observe a
direct effect of AZM on PI3-K activity. Thus, the observations found
in these studies might be due to indirect signaling effects.

The clinical implications of our observations could be far-reach-
ing. Aside from its use as an immunosuppressive agent following
solid organ transplantation, mTOR inhibitors such as RAPA are
nowadays used in the therapy of proteinuric glomerulopathies, poly-
cystic kidney disease, refractory uveitis and different types of cancer
and may have beneficial effects in atherosclerosis as well as neuro-
logical diseases including multiple sclerosis and autoimmune ence-
phalomyelitis**>*~*¢. Due to its similar molecular target, it is tempting
to speculate that AZM might be administered for similar clinical
indications with the additional benefit of offering a well-defined
antibiotic spectrum. Furthermore, in contrast to other macrolides,
AZM does not inhibit the human CYP3A4 oxidases', thus avoiding
an interference with other drugs.

On the other hand, the immunosuppressive potential of AZM
might become detrimental in situations of impaired immune func-
tion as found in conditions of sepsis or HIV infection. According to
current guidelines, AZM and CLM are the first line prophylaxis
against atypical mycobacterium avium complex (MAC) in HIV pos-
itive patients with a CD4 count less than 50 cells/pl** For that pur-
pose, no significant difference between the efficacies of AZM and
CLM was found in a recent meta-analysis”’. However, it might be
hypothesized, that administration of AZM might prolong the lym-
phopenic phase and might therefore represent an additional mortal-
ity risk factor®®. Thus, further studies on the duration of lymphopenia
in HIV patients in relation to the administration of macrolides are
warranted.

Septic patients frequently present with an overwhelming reaction
of the immune response, and therefore the administration of macro-
lides has shown beneficial results in septic patients, especially when
the sepsis is secondary to pneumonia®®. A suppressed immune
status marked by lymphopenia®, associated with a higher mortality
rate®, is also frequently observed in the course of a severe sepsis. In
particular, CD4" T-cells are affected from an increased apoptosis
rate, leading to an elevated risk of viral co-infection®*. In the light
of the immunosuppressive function of AZM and CLM, it might be
necessary to re-evaluate respective treatment regimens. Therefore, it
might be preferable to switch to other antibiotics which do not sup-
press the effector functions of CD4" T-cells. In this context, further
in vitro and in vivo studies with other commonly used antibiotics (e.g.
beta-lactam antibiotics, fluorochinolones, macrolides) are necessary.

In conclusion, a remarkable difference in the immunosuppressive
potency between AZM and CLM on highly purified CD4" T-cells
was shown for the first time. These effects of AZM seem to be trans-
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lated by specific inhibition of mTOR kinase activity in an FKBP12
independent fashion. These present findings warrant further studies
assessing the clinical impact of the immunosuppressive effects
observed in various patient groups.

Methods

Ethical considerations, cell isolation and culture. The study was approved by the
local ethics committee of the Medical University of Vienna (EC number 1724/2012)
and conducted according to the Declaration of Helsinki (1969, including current
revisions) of the World Medical Association. After obtaining informed consent of
study participants, peripheral blood mononuclear cells (PBMC) were isolated from
ten healthy volunteers (8 male, 2 female).

CD4" T-cells were isolated from PBMC using the Human CD4" T-cell Isolation
Kit II (Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufac-
turers’ instructions. Purity was assessed by flow cytometric analyses using mono-
clonal antibodies against human CD3 (clone OKT3, eFluor 450 conjugated;
eBioscience, San Diego, CA) and CD4 (clone OKT4, FITC conjugated; eBioscience)
and routinely found to be above 95%. All functional assays were performed in IMDM
(GE Healthcare, Piscataway, NJ) supplemented with 10% fetal calf serum (GE
Healthcare), 2 mM L-glutamine and 0.1 mM 2-mercaptoethanole (Sigma Aldrich,
St. Louis, MO).

Proliferation assays. Proliferation assays were performed as previously described®.
In short, CD4" T-cells (1 X 10°) were stimulated in 96-well flat bottom plates with
anti-CD3/anti-CD28 coated microbeads (0.5 X 10% Invitrogen, Carlsbad, CA) for
72 hours, pulsed with [methyl-’H] thymidine (1 puCi per well, Perkin Elmer, Boston,
MA) for additional 18 hours before being harvested and processed on a Packard
scintillation counter (Packard, Meriden, CT). The indicated concentrations of AZM
(Zitromax®, Pfizer, New York, NY), CLM (Klacid®, Abbott Laboratories, Abbott
Park, IL) or the respective purified substances (Sigma Aldrich) were added 60 minutes
prior to stimulation. T-cells stimulated in antibiotic-free medium served as controls.
AZM and CLM were analyzed at four concentration levels to simulate peak
concentrations in various body compartments*~°. In some experiments, CD4" T-
cells were labeled with the eFluor670 cell proliferation dye (1.5 pM; eBioscience) and
activated as above. For these experiments, cellular proliferation was determined on a
FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ). After stringent
gating on viable cells according to their forward-scatter/side-scatter properties, cells
were analyzed using the Cell Quest software (BD Biosciences, Version 3.3). For
comparison of proliferation data from CPD-labeled effector T-cells, a division index
(DI) was calculated according to the following formula®:

Mean fluorescence stimulated cells
log(2)

) (Mean fluorescence unstimulated cells)
DI

Determination of cytokine secretion. CD4" T-cells (1 X 10°) were stimulated in 24-
well flat bottom plates with anti-CD3/anti-CD28 coated microbeads (0.5 X 10°) in the
presence of the indicated concentrations of AZM, CLM or antibiotic-free medium.
Due to different expression kinetics of cytokines following activation, supernatants of
CD4* T-cells were harvested after 24 and 72 hours and concentrations of the
indicated cytokines were determined by multiplex analysis (Luminex 100IS;
Biomedica, Vienna, Austria). Briefly, IL-2 secretion, representing T-helper (Th) cell
activation of all subsets, was measured after 24 hours. Th-1 activity was measured by
interferon gamma (IFN-gamma) secretion after 72 hours. As an indicator for Th-2
activity, the secretion of cytokines of IL-4 and IL-13 and for Th17 activity IL-17 was
assessed after 72 hours. Additionally, IL-10 levels, which are attributed to Th-2 and
regulatory T-cells, were measured.

Determination of cell death and caspase activity. CD4" T-cells (1 X 10°) were
stimulated in 24-well flat bottom plates with anti-CD3/anti-CD28 coated microbeads
(0.5 X 10°) in the presence of the indicated concentrations of AZM, CLM or in
antibiotic-free medium. After 72 hours, cells were harvested, washed once in staining
buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4; Sigma Aldrich).
Annexin V FITC (5 pl; Bender MedSystems, Vienna, Austria) was added and cells
were incubated at room temperature for 10 minutes. After washing cells once in
staining buffer, propidium iodide (PI, Sigma Aldrich) was added (final concentration
100 ng/mL) and cells were analyzed on a FACS Calibur flow cytometer using Cell
Quest software. Annexin V negative/PI negative cells were quantified and identified
as viable cells.

For measurement of caspase 3/7 activity the luciferase-based Caspase-Glo 3/7
Assay (Promega, Madison, WI) was used according to the manufacturers’ instruc-
tions. CD4™" T-cells (1 X 10°) were stimulated in 24-well flat bottom plates with anti-
CD3/anti-CD28 coated microbeads (0.5 X 10°) in the presence of the indicated
concentrations of AZM, CLM or in antibiotic-free medium. After 24 hours, cells were
harvested and 5 X 10* cells were seeded in 50 pL in triplicates into a 96-well luciferase
measurement plate. After addition of 50 pL of the reaction substrate, cells were
incubated for 2 hours at room temperature in the dark. Afterwards, luciferase was
determined as readout for caspase activity. Values were normalized to the mean
caspase activity obtained in T-cells activated in antibiotic-free medium.

Screening of NFAT, NF-kB and AP-1 signaling in Jurkat reporter cell lines. In the
presence or absence of AZM (10 mg/L) and well-defined inhibitors including RAPA
(100 nM), CsA (1 pM) and GO6983 (10 pM), 10° Jurkat T-cell expressing an
enhanced green fluorescence protein (eGFP) reporter gene under control of either an
NFAT, NF-xB or AP-1 promoter element were stimulated with 0.2 X 10° T cell
stimulator cells expressing CD80 (TCS-CD80). T cell stimulator cells were used
instead of microbead stimulation (as described above), since Jurkat T-cells have a
higher activation threshold than peripheral blood CD4" T-cells. This discrepancy is
based on a lower expression of cell surface receptors on the Jurkat T-cells line. The
TCS-CD8O cells are based on Bw5147 cells (murine thymoma) transfected with a
membrane-bound OKT3- (anti-CD3-) single-chain fragment and human CD80 and
have been described in detail in Leitner et al.®®. After 24 hours the percentage of eGFP
positive cells was measured by flow cytometry and used to determine promoter
activity.

Flow cytometric analyses of intracellular signaling pathways. 5 X 10° CD4" T-cells
were stimulated in 24-well flat bottom plates with either phorbol-12-myristate-13-
acetate (PMA; 1077 M; Sigma Aldrich) for 30 minutes or anti-CD3/anti-CD28 coated
microbeads (2.5 X 10°) for 24 hours in the presence of 10 mg/L AZM, 100 nM RAPA
or in antibiotic-free medium. Subsequently, cells were harvested and incubated for
ten minutes in Fixation Buffer I (BD Phosflow, BD Biosciences) at 37°C. After
washing in PBS + 0.5% BSA + 0.05% NaN3 cells were resuspended in pre-chilled
(—20°C) Permeabilization Buffer III (BD Phosflow, BD Biosciences) and kept on ice
for 30 minutes followed by washing the cells twice in PBS + 0.5% BSA + 0.05% NaNs.
Then, cells were incubated with one of the following antibodies: 20 pL of a p-ERK
(T202/Y204; Pacific Blue conjugated; clone 20A), p-p38 (T180/Y182; PE conjugated;
clone 36/p38) or p-S6RP (S240; Alexa Fluor 647 conjugated; clone N4-41; all BD
Phosflow, BD Biosciences) specific monoclonal antibodies or isotype matched
control antibodies for one hour. After washing in PBS + 0.5% BSA + 0.05% NaNj,
cells were cells were analyzed on a FACS Canto flow cytometer using FlowJo software
(TreeStar, Ashland, OR).

Biochemical analyses. CD4" T-cells (4 X 10°) were stimulated in 24-well flat bottom
plates with anti-CD3/anti-CD28 coated microbeads (2 X 10°) in the presence of

10 mg/L AZM or in antibiotic-free medium. At the indicated time points cells were
harvested, collected by centrifugation (700 X g, 5 min) and lysed in RIPA buffer
supplemented with phosphatase- and protease inhibitors (Sigma Aldrich). Cellular
debris was removed by centrifugation at 25.000 X g and 4°C for 15 minutes. Samples
were normalized according to their protein content and were resolved by SDS-PAGE
on 4-12% gradient gels under reducing conditions (Life Technologies, Paisley, UK)
followed by transfer onto PVDF membranes (GE Healthcare). Samples were then
subjected to immunoblotting using the following antibodies: anti-phospho-S6
ribosomal protein (S240/244; rabbit; clone D68F8), anti-S6 ribosomal protein (rabbit;
clone 5G10), anti-phospho-MAPK (ERK1/2) (T202/Y204; rabbit; clone D13.14.4E)
and anti-ERK (rabbit polyclonal, all Cell Signaling Technology, Danvers, MA). After
incubation with a secondary anti-rabbit horse radish peroxidase-conjugated
antibody, binding was visualized using the SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific, Rockford, IL). Signal strength was quantified by
densitometry using the Image] software (National Institute of Health, Bethesda, MD;
Version 1.47). Mean intensities of immunoblot bands were measured and
background intensity was subtracted. For each time point and condition a ratio of
phosphorylated S6RP to total S6RP was calculated from these corrected values.

In vitro kinase assays. For measurement of the influence of macrolides on mTOR
activity, the K-LISA mTOR Activity Kit (Merck Millipore, Darmstadt, Germany) was
used according to the manufacturers’ instructions. In short, the indicated
concentrations of AZM or 500 nM RAPA were pre-incubated on ice in the presence
or absence of recombinant FKBP12 (3 pg per sample) for 20 minutes. Plain buffer
and FKBP12 without antibiotics served as negative and positive control respectively.
A recombinant mTOR fragment (amino acids 1360-2549, 50 ng per sample)
containing the kinase domain was added for another 20 minutes. Afterwards, samples
were transferred to microtiter plates pre-coated with a p70S6K-GST fusion protein
(500 ng per well) and incubated at 30°C for 30 minutes. Subsequently, mTOR-
mediated phosphorylation of p70S6K was determined in an ELISA using a
monoclonal antibody specific for p70S6K phosphorylated at Thr389.

Effects of AZM on the PI3-K were examined using the PI3-kinase activity ELISA
(Echelon, Salt Lake City, UT). In short, the indicated concentrations of AZM were
added to 50 ng recombinant PI3-K (p110a/p85a; Echelon) and conversion of PIP,
substrate to PIP; was performed for 2 hours at 37°C. Afterwards, concentrations of
PIP; were determined using a competitive ELISA system.

Statistical analyses. Statistical analysis was performed using MedCalc (MedCalc
Software bvba, Ostend, Belgium, Version 12.7.7.0) and GraphPad Prism (GraphPad
Software Inc., La Jolla, CA, Version 6.02). Proliferation rates, cytokine and cell
viability levels were normalized to controls (cells activated in antibiotic-free medium)
and are given in percentages. Depending on the presence of absence of a normal
distribution, parameters are given as mean with standard deviation (SD) or as median
with interquartile range (IQR). For group comparisons, a paired t-test or a Wilcoxon
signed rank test, and an analysis of variance (ANOVA) or a Kruskal-Wallis test was
applied. For post-hoc comparison, the non-parametric Dunn’s or the Holm-Sidak’s
multiple comparisons test, both with adjusted p-values, were used. Statistical
significance was defined as a p-value (two-sided) less than 0.05. In figures, significant
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values are denoted as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Where
appropriated, the Bonferroni-Holm method was applied to correct for type I errors
related to multiple testing.
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