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Development of tolerance to endotoxin prevents sustained hyper inflammation during systemic infections.
Here we report for the first time that chronic morphine treatment tempers endotoxin tolerance resulting in
persistent inflammation, septicemia and septic shock. Morphine was found to down-regulate endotoxin/LPS
induced miR-146a and 155 in macrophages. However, only miR-146a over expression, but not miR-155
abrogates morphine mediated hyper-inflammation. Conversely, antagonizing miR-146a (but not miR-155)
heightened the severity of morphine-mediated hyper-inflammation. These results suggest that miR-146a acts
as a molecular switch controlling hyper-inflammation in clinical and/or recreational use of morphine.

M
orphine is the most preferred analgesic used by surgeons in post-operative pain management and also a
prevalent drug of abuse1–4. In either circumstances, the adverse effects of chronic morphine on the
immune system has been well documented over the years (for a recent review, see Roy 20113). Higher

levels of morphine in systemic circulation reduces pathogen clearance in rodents and human patients, specifically
in case of opportunistic infection2–5, and also induces translocation of gut microbes into the peritoneal organs
including mesenteric lymph nodes (MLN), liver, kidneys and eventually, the blood stream6,7. Recent studies have
shown that morphine and m-opioid receptor (MOR) mediated signaling mechanisms are compromised in oral
mucosa, leading to severe Salmonella loads8,9. Initially, morphine mediated translocation of gut commensal
bacteria was not implicated in persistent inflammation or sepsis10, however, several subsequent studies have
reported gut-derived lipopolysaccharide (LPS) mediated inflammation, leading to sepsis and septic shock in
rodents undergoing chronic morphine treatment1,11–13. In the context of an organism’s response to an inflam-
matory stimulus, morphine is known to disrupt the tightly balanced natural tolerance to inflammation11,13.
Conversely, endogenous morphine levels are typically higher in patients with acute sepsis and septic shock,
compared to healthy controls14.

LPS is a gram-negative bacteria-derived putative endotoxin15, which activates the complement system and
induces the immune cells, e.g. macrophages and neutrophils to secrete pro-inflammatory cytokines like tumor
necrosis factor- alpha (TNF-a) and interleukin-1 (IL-1)13,16, interleukin (IL)-6 and prostaglandins17, thereby
inducing persistent inflammation and state of sepsis. Lack of efficient bacterial clearance, as evident in chronic
morphine regimen, continued translocation and microbial proliferation result in increasing amount of endotoxin
and leads to a state of septic shock13,18. LPS is a cognate ligand for toll-like receptor (TLR) 4, which is a part of the
germline-encoded pattern recognition receptor (PRR) family, specially empowered to recognize the Pathogen-
Associated Molecular Patterns (PAMPs) of endogenous and/or invading microbes19. TLR4 forms a heterodimer
with the myeloid differentiation factor 2 (MD2), resulting in a functional LPS recognition receptor20 and upon
stimulation, recruits the myeloid differentiation primary response gene (MyD)88, which in turn recruits the IL-
1R-associated kinases (IRAK)-4. Activated IRAK-4 further activates IRAK-1 and 2 and interacts with the E3
ubiquitin ligase TNF receptor-associated factor (TRAF)-6, which ubiquitinylates a complex of TGFb-activated
kinase 1(TAK1), TAK1-binding proteins (TAB)-1,2 and 3, thereby mediating the degradation of the nuclear
factor-kappa B (NF-kB) inhibitor IkB. Activated NF-kB migrates to the nucleus and upregulates the
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pro-inflammatory cytokines19,21. Interestingly, in healthy individuals,
both sepsis and consequent exposure to LPS is characterized by an
initial hyper-production of cytokines, followed by a ‘‘silencing’’
phase, where TLR-mediated production of pro-inflammatory cyto-
kines is suppressed. This has been variously referred to as ‘‘TLR
reprogramming’’ or ‘‘endotoxin/LPS tolerance’’22. The mechanisms
proposed for the endotoxin tolerance range from silencing of key
mediators of TLR signaling23 to impaired interaction between differ-
ent signaling mediators and overexpression of A20, a key de-ubiqui-
tinylation enzyme22. Within the past decade, while the ‘‘silencing’’
mechanism is increasingly being implicated in describing drug/
endotoxin tolerance, a new class of molecules, namely the micro-
RNAs (miRNA) have emerged as key players in selectively silencing
the intermediaries of TLR signaling between the surface receptor and
eventual NF-kB activation24–36.

MicroRNAs are a conserved class of endogenous non-coding
RNAs of approximately 22 nucleotides, which modulate the post-
transcriptional expression of specific genes by controlling the
stability and/or translation of target mRNAs26,37. In mammals,
miRNAs have since been implicated in various cellular and systemic
functions, like cell differentiation38, cancer39,40, viral infection41 and
insulin regulation42. In terms of endotoxin tolerance, various
miRNAs (miR-146a, miR-132 and miR-155) are shown to be upre-
gulated in response to LPS and target TAB2, IRAK1 and TRAF6,
thereby preventing NF-kB activation27,31,32,34. Recently, miR-221,
miR-579 and miR-125b have been shown to be upregulated in res-
ponse to LPS and target TNFa expression by way of transcriptional
silencing and translational disruption28,29, thus establishing a signifi-
cant role of miRNAs in endotoxin tolerance.

In this study, we investigated the role of miRNAs in modulating
LPS tolerance in the context of chronic morphine use (clinical or
abuse), leading to severe inflammation and septicemia. Our initial
studies showed morphine-mediated dampening of the hyper-inflam-
mation typically associated with early sepsis, followed by a persistent
hyper-inflammation compared to the tolerized placebo/saline con-
trols in vitro and in vivo. Subsequent miRNA microarray studies
revealed significant inhibition of LPS induced miR-146a and miR-
155 levels in murine macrophages undergoing chronic morphine
treatment, which was further validated individually by qPCR. We
also saw a significant downregulation of IRAK-1 and TRAF-6 (target
for miR-146a) and TAB-2 (target for miR-155) over time upon LPS
treatment, an effect, not seen in presence of chronic morphine. Next,
we show that over-expression of the microRNA inhibitors of the two
miRNA results in the loss of LPS tolerance in placebo treated mice
and exacerbate the inflammatory response in the morphine treated
mice leading to severe septicemia and septic shock, where miR-146a
(not miR-155) seems to play a major role. Finally, we demonstrate a
complete loss of LPS induced inflammation and morphine mediated
attenuation of tolerance in mice overexpressing the two microRNAs,
implying for the first time that chronic morphine mediated sepsis
and loss of endotoxin tolerance is tightly regulated by a micro-RNA
mechanism.

Results
Morphine abrogates LPS tolerance in vivo and in vitro. Conti-
nuous presence of LPS and resultant stimulation of TLRs lead to
the pro-inflammatory ‘‘cytokine storm’’. This is followed by the
tolerance phenomenon, where the inflammation is seen to be
suppressed in a time dependent manner22. To test the effect of
chronic morphine on endotoxin tolerance, we measured the
systemic levels of IL-6 in placebo or morphine implanted wild-type
C57BL/6 (WT) mice every 24 hours as described in methods. As
expected, in placebo-implanted mice, we found a significant up-
regulation of serum IL-6 at 24 hours and the setting of tolerance
by 48 hours (Fig. 1A). In mice with chronic morphine however,
we found a biphasic effect with an initial inhibition of LPS induced

IL-6 levels, followed by significant elevation of the cytokine levels,
carried up to the end-point at 72 hours. Morphine, by itself, did not
seem to have any significant effect on serum IL-6 levels (Fig. 1A).
Since monocytes and macrophages have been largely implicated in
systemic endotoxin tolerance22,43, we next pre-conditioned the mice
with placebo/morphine and LPS for varying periods of time (12
hours-5 days) and splenic macrophages were isolated at the
indicated time points. These were re-stimulated ex-vivo with LPS
and IL-6 levels were measured from the culture supernatant at
indicated time-points (Fig. 1B). An initial surge in IL-6 levels,
followed by tolerance within 24 hours was observed in placebo/
saline treated macrophages, whereas, continuous up-regulation
and maintenance of high levels of LPS induced IL-6 levels were
seen in animals that were morphine treated. Next, we tested this
phenomenon in vitro with the murine macrophage cell line J774.1
and witnessed significant attenuation of LPS tolerance in the
morphine treated cells (Fig. 1C). Finally, we isolated primary
human monocyte-derived macrophages and preconditioned the
cells with saline/morphine for 24 hours and 50 ng/ml LPS for the
next 6 hours. This was followed by a re-stimulation of the cells with
100 ng/ml LPS for an initial 3 hours and 6 hours thereafter. Between
all these steps, the culture supernatant was completely removed and
the cells washed with warm phosphate buffered saline (PBS). Here,
we observed a drastic onset of LPS tolerance after 9 hours of re-
stimulation and its maintenance up to the 15 hour end-point,
while the morphine treated macrophages showed significantly
higher LPS induced IL-6 levels compared to the saline
counterparts at the later time points (Fig. 1D). These results
indicate that chronic maintenance of morphine is able to reverse
LPS tolerance in all the models we studied and that monocytes/
macrophages seem to have a significant contribution to the
phenomenon.

Morphine modulates LPS induced expression of miR-146a and
miR-155. To determine the role of miRs in LPS tolerance and
morphine induced persistent activation, WT and mu-opioid
receptor knock-out (MORKO) mice, implanted with placebo or
morphine pellets were treated with 1 mg/kg LPS for 48 hours and
total RNA isolated from peritoneal macrophages was subjected to
miRNA array analysis to determine expression profile (Fig. 2A).
Among the 470 miRNAs analyzed, about 120 of them showed
significant up-regulation. MiR-155 and miR-146a showed highest
and substantial induction at 48 hr following LPS treatment.
Chronic morphine treatment in WT mice significantly decreased
LPS-induced mir-155 and mir-146a in the macrophages. Mor-
phine induced inhibition was abolished in the MORKO mice,
implying a mu-opioid receptor (MOR) mediated modulation. To
further validate the results, WT C57BL/6 and MORKO mice were
implanted with placebo or morphine pellets and after 24 hours,
injected with 1 mg/kg LPS. The mice were sacrificed and the
splenic macrophages were harvested 48 hours post injection, as
described in methods and the miR levels analyzed with qPCR.
Both miR-155 (Fig. 2Bi) and miR-146a (Fig. 2Bii) were seen to be
significantly up-regulated with LPS and chronic morphine signi-
ficantly down-regulated the LPS induced expression of the micro-
RNAs, with miR-146a showing more dramatic down-regulation
compared to miR-155 (Fig. 2B). The fact that this phenomenon is
MOR mediated is seen when the MORKO mice were similarly
processed and the micro RNA levels measured. For both miRs-
146a/155, LPS mediated up-regulation was maintained in presence
of chronic morphine in the MORKO mice (Fig. 2C). A similar
phenomenon was observed in vitro with the J774.1 cell line, where
a significant down-regulation of miR-146a was observed within 10
hours of LPS treatment in the context of chronic morphine, which
was maintained until 48 hours of treatment (Fig. 2D). There was no
significant down-regulation of miR-155 beyond 10 hours of LPS
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Figure 1 | Natural LPS tolerance is abrogated by chronic morphine treatment. (a) Serum IL-6 levels from mice implanted with placebo or

morphine pellets for 24 hours and injected with 1 mg/kg LPS every 24 hours thereafter (n 5 5/group; *p , 0.05 compared to PBS24 placebo, **p , 0.05

compared to respective placebo groups, ***p , 0.05 compared to peak placebo IL6 response at 24 hours). (b) Secreted IL-6 levels from cultured

splenocytes from mice pre-conditioned with placebo/morphine pellets and LPS for 5 days and re-stimulated with 100 ng/ml LPS ex-vivo for the indicated

time points (n 5 5/group). (c) Secreted IL-6 levels from murine macrophage cell line J774.1 pre-conditioned with saline/1 mM morphine for 24 hours and

treated with 100 ng/ml LPS in continuous presence of saline/morphine. Data representative of at least three independent iterations (*p , 0.05 compared

to PBS24 placebo, **p , 0.05 compared to respective placebo groups, ***p , 0.05 compared to peak placebo IL6 response at 24 hours). (d) Secreted IL-6

levels from primary human circulating monocytes/macrophages, pre-conditioned with saline/1 mM morphine for 24 hours and treated with 50 ng/ml

LPS for the first 6 hours, followed by 100 ng/ml LPS for subsequent 3 and 6 hours. Data representative of 2 independent healthy donors and two

experimental iterations per donor (*p , 0.05 compared to respective placebo groups, ***p , 0.05 compared to peak response at 6 hours).
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treatment (Fig. 2D), indicating a greater role of miR-146a compared
to miR-155 in LPS tolerance in vitro. In all cases, however, morphine
alone did not have any effects on the microRNA levels.

LPS and morphine modulate miR-146a/155 targets in the TLR-4
signaling pathway. Since LPS is the cognate ligand of TLR4 and LPS
tolerance is a function of TLR4 signaling22, we set out to verify the
message and protein level changes, if any, in the miR-146a and 155
targets in the signaling pathway. miR-155 targets TAB2 and miR-
146a targets IRAK1 and TRAF6 in the TLR4 pathway27,31,32,34. For
message levels, we preconditioned J774.1 with PBS or 1 mM
morphine for 24 hours, followed by 24 hours stimulation with
50 ng/ml LPS. The cells were re-stimulated with 100 ng/ml LPS
for the indicated time points and the total RNA was isolated and
analyzed for the IRAK1 and TAB2 message levels. The message levels
of IRAK1 were seen to reduce significantly within 24 hours of LPS
treatment in the saline group with consistently high levels in the
chronic morphine treated groups in all later time points (Fig. 3Ai).
For TAB2, significant reduction of message levels, consistent with
LPS tolerance was witnessed within 24 hours. However morphine
treatment did not significantly alter LPS induced TAB2 message
levels and levels were comparable to placebo treated animals
(Fig. 3Aii). For protein levels, J774.1 cells were subjected to
treatments as above and western blot analysis was performed with
the cell lysate at indicated time points (Fig. 3B). Similar to the
message levels, IRAK1 protein levels were seen to diminish at all
later time points following LPS treatment in the control group. In
the morphine treated group, IRAK1 protein levels were not
decreased and remained constant at all times tested following LPS
treatment. (Fig. 3B). Next, we validated this finding in vivo in mice,
where WT C57BL/6 mice were implanted with placebo or morphine
pellets and treated with 1 mg/kg LPS for 24 hours and 48 hours.
Groups of mice were sacrificed at 24 and 48 hours post LPS
injection and peritoneal macrophages harvested, lysed and
subjected to western blot analysis for the signaling intermediates.
For all the intermediates (IRAK1, TAB2 and TRAF6), the protein
levels decrease dramatically upon LPS treatment, however in the
morphine treated group basal levels of the proteins are maintained
at all time points (Fig. 3C). The phenomenon of LPS tolerance is

Figure 2 | miR-146a and miR-155 are significantly up-regulated by LPS
and morphine down-regulated LPS driven microRNA induction.
(a) Heat-map of miR-146a and miR-155 from peritoneal macrophages

isolated from wild type and MORKO mice, implanted with placebo/

morphine pellets for 24 hours, subsequently injected with 50 mg/kg LPS i.p.

for 48 hours and subjected to miR-array analysis (n 5 8/group). (b)

Independent validation of the microarray data for miR-146a and 155 with

qPCR was done with isolated splenocytes from mice, pre-conditioned with

placebo/morphine pellet for 24 hours and injected with 1 mg/kg LPS for 48

hours (n 5 5/group; *p , 0.05 compared to control, **p , 0.05 compared

to LPS alone microRNA levels). (c) MORKO mice were implanted with

placebo/morphine pellets for 24 hours and injected with 1 mg/kg LPS for

48 hours. The mice were sacrificed and the spleen harvested. Total mRNA

was isolated from the splenocytes using TRIzol reagent (Invitrogen) and

cDNA prepared using the miR-script RT kit (Promega). Real-time qPCR

was performedfor miR-146a and 155 to verify the role of MOR in down-

regulation of the LPS induced microRNA in the chronic morphine model.

Data shows that for both microRNAs, the fold induction due to LPS is

unchanged between placebo and morphine, implying that down-

regulation of LPS induced miR-146a and 155 is MOR dependent in the WT

mice (Fig. 2B) [n 5 5; *p , 0.01 compared to respective ‘No LPS’ placebo

controls]. (d) Time dependent miR-146a and 155 level changes in J774.1

cell line, pre-conditioned with saline/1 mM morphine and treated with

100 ng/ml LPS for the indicated time points. Data representative of three

independent iterations (*p , 0.05 compared to basal at 0 h, **p , 0.05

compared to the placebo group in the same time point).
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Figure 3 | MiR-146a and 155 target components of TLR4 signaling pathway which is modulated by LPS. (a) qPCR analysis for IRAK1 (miR-146a target)

and TAB2 (miR-155 target) in J774.1 murine macrophage cell line. J774.1 cells were pre-conditioned for 24 hours with saline/1 mM morphine and treated

with 50 ng/ml LPS for 24 hours. Cells were restimulated with 100 ng/ml LPS for the indicated time points and analyzed for IRAK1 and TAB2 transcript

levels. Data represents three independent iterations (*p , 0.05 compared to 0 h placebo, **p , 0.05 compared to the respective placebo group).

(b) Protein level changes for IRAK1 and TAB2 in J774.1 cell line when treated as in ‘a’ above. Figure represents truncated western blot images for

simplicity. Whole membrane images are shown in Supplementary figure 4. (c) Western blot analysis of IRAK1, TAB2 and TRAF6 (miR-146a target)

protein levels from murine peritoneal macrophages. Mice implanted with placebo/morphine pellet for 24 hours were injected i.p. with 1 mg/kg LPS every

24 hours and sacrificed at the indicated time points. Peritoneal lavage was harvested, macrophages isolated and lysed in SDS-PAGE sample buffer

(n 5 4 per time point). Figure represents truncated western blot images for simplicity. Whole membrane images are shown in Supplementary figure 5.

(d) TLR4KO mice were implanted with placebo/morphine pellets for 24 hours and injected with 1 mg/kg LPS for every 24 hours till 48 hours. Blood was

drawn at 0, 24 and 48 hours time points from the facial vein and plasma isolated. IL-6 levels in the plasma was measured using ELISA (eBiosciences). Data

shows maintenance of basal levels (- - - -) of blood IL-6 even after 48 hours of LPS stimulation in the TLR4KO mice, indicating that both MOR (Fig. 2C)

and TLR4 co-stimulation is absolutely necessary for morphine mediated abrogation of tolerance. [n 5 5].
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Figure 4 | LPS tolerance is dependent upon miR-146a levels and its regulation. (a) Secreted IL-6 levels from J774.1 cells, pre-conditioned with

saline/1 mM morphine and transduced with lentivirus, either expressing miArrest microRNA inhibitor for miR-146a or over-expressing miR-146a, for 48

hours and treated with 100 ng/ml LPS for 24 and 48 hours. Data represents three independent iterations (*p , 0.05). ‘- - -’ indicates the basal expression

of IL-6 with pseudovirus alone. (b) Systemic IL-6 levels from WT mice, implanted with placebo/morphine pellet for 24 hours, were injected with

lentivirus, either expressing miArrest microRNA inhibitor for miR-146a or over-expressing miR-146a, for 48 hours and injected i.p. with 1 mg/kg LPS

every 24 hours. Blood was drawn every 24 hours through facial vein and plasma IL-6 levels measured with ELISA (n 5 6 per group; *p , 0.05, **p , 0.05

compared to ‘anti-miR-146a’ group from the same time-point; ‘- - -’ indicates the basal expression of IL-6 in WT mice as seen in Fig. 1a).
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Figure 5 | LPS tolerance is dependent upon miR-155 levels but not in the chronic morphine regimen. (a) Secreted IL-6 levels from J774.1 cells,

pre-conditioned with saline/1 mM morphine and transduced with lentivirus, either expressing miArrest microRNA inhibitor for miR-155 or over-

expressing miR-155, for 48 hours and treated with 100 ng/ml LPS for 24 and 48 hours. Data represents three independent iterations (*p , 0.05).

‘- - -’ indicates the basal expression of IL-6 with control pseudovirus alone. (b) Systemic IL-6 levels from WT mice, implanted with placebo/morphine

pellet for 24 hours, were injected with lentivirus, either expressing miArrest microRNA inhibitor for miR-155 or over-expressing miR-155, for 48 hours

and injected i.p. with 1 mg/kg LPS every 24 hours. Blood was drawn every 24 hours through facial vein and plasma IL-6 levels measured by ELISA (n 5 5

per group; **p , 0.05, ***p , 0.05 compared to ‘anti-miR-155’ group from the same time-point; ‘- - -’ indicates the basal expression of IL-6 in WT mice

as seen in Fig. 1a). (c) miR-155 knockout (miR-155 KO) mice were implanted with placebo/morphine pellets for 24 hours and injected with 1 mg/kg LPS

for every 24 hours till 48 hours. Blood was drawn at 0, 24 and 48 hours time points from the facial vein and plasma isolated. IL-6 levels in the plasma were

measured using ELISA (eBiosciences). Data shows elevated levels of IL-6 in the blood, compared to WT basal (- - - -) and comparable to Figure 5B where

we show elevated IL-6 levels in the lentivirus mediated miR-155 neutralized mice. Noticeably, in both cases, LPS tolerance is seen to be obliterated [n 5 5].
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dependent on the engagement of MOR signaling (Fig. 2C) and
presumably on the TLR signaling as well. To verify that, we used
TLR4 knockout (TLR4KO) mice, implanted with placebo/morphine
pellet and injected with 1 mg/kg LPS, 24 hours post-implantation.
Serum level IL-6 was measured 24 and 48 hours post-injection. For
all time points, as expected, IL-6 was maintained at basal levels
(Fig. 3D), indicating that morphine mediated attenuation of
tolerance is a function of MOR and TLR co-stimulation and the
balance is maintained by subtle changes in the micro RNA levels.
This is further verified by higher IRAK1 levels in TLR4KO peritoneal
macrophages, compared to WT basal levels, 48 hours after LPS
treatment (Supplementary Fig. 1), indicating that LPS mediated
up-regulation of miR-146a is TLR4 dependent.

Inhibition/over-expression of miR-146a modulates LPS tolerance
and morphine-mediated inflammation, both in vitro and in vivo.
To further verify if morphine-associated tempering of LPS tolerance
is regulated through microRNA mechanism, we used lentivirus-
mediated neutralization and over-expression of miR-146a both
in vitro and in vivo. J774.1 cells were transduced with ‘miArrest’
microRNA inhibitor expressing pseudovirus against the micro-
RNA or miR-146a over-expressing pseudovirus and 48 hours post-
transduction, treated with 100 ng/ml LPS for 24 and 48 hours. IL-6
levels in the culture supernatant were measured as the readout.
Antagonizing miR-146a resulted in complete abrogation of LPS
tolerance as evident from the 48 h data point, when compared to
the same time point in Fig. 1C (Fig. 4A). Over-expression of miR-
146a, as expected, significantly reduced IL-6 production compared to
the antagonized counterparts and also showed lack of tolerance
development (Fig. 4A). In both cases, there was no significant
difference between saline and morphine groups within the same
time point. For in vivo studies, WT C57BL/6 mice were implanted
with placebo/morphine pellets and injected (i.p.) with microRNA
inhibitor/over-expression pseudo-virus. 48 hours post transduc-
tion, LPS was injected and serum IL-6 levels measured at 24 and
48 hours time point. Results show (Fig. 4B), that antagonizing
miR-146a in vivo resulted in significantly high systemic IL-6, even
in the 0 h mice (compared to Fig. 1A; p , 0.05) and this level was
maintained, without any sign of tolerance till the 48 h data point in
the placebo group. In the morphine group, however, unlike the in
vitro samples, an initial non-significant down-regulation of the
cytokine at 0 h and 24 h was followed by a significant elevation at
48 h time point. The miR-146a neutralized/morphine treated mice
did not survive beyond 48 hours, whereas the placebo were seen to
survive, indicating that neutralization of miR-146a could be
responsible for morphine mediated septic shock. Overall, the miR-
146a neutralized mice presented a highly morbid demeanor right
from the 0 h LPS in these experiments for both treatment groups
and more so for morphine group beyond 24 h. Persistent expression
of miR-146a microRNA inhibitor seems to maintain IRAK1 at a
higher than basal levels even after 48 hours of LPS treatment in the
peritoneal macrophages (Supplementary Fig. 1; ‘146a anti’), high-
lighting the efficacy of the microRNA inhibitor and the probable
cause for the morbid behavior and hyper-inflammation in the ani-
mals under this treatment. Over-expression of miR-146a, on the
other hand, completely abolished any LPS mediated inflammation
and production of IL-6 for both placebo and morphine treated mice
(Fig. 4B). Target level manipulation of IRAK1 by antagonizing or
over-expressing miR-146a also reflects the efficacy of lentiviral
approach in this study (Supplementary Fig. 1; ‘146a anti’ and
‘146a OE’).

Inhibition and/or over-expression of miR-155 modulates inflam-
mation and tolerance, but not in the chronic morphine regimen.
Similar to the miR-146a studies, we characterized miR-155 effects on
inflammation and tolerance using lentivirus-mediated neutralization
and over-expression of the microRNA both in vitro and in vivo.

J774.1 cells were transduced with pseudovirus containing miR-155
microRNA inhibitor or over-expression cassette for 48 hours and
saline/morphine for 24 hours before the addition of 100 ng/ml LPS
for 24 and 48 hours thereafter. Results show (Fig. 5A) that antago-
nizing the microRNA still results in some measure of tolerance at
48 h time point, compared to the 24 h, as we see a significant reduc-
tion in IL-6 levels at the later time point. The morphine reversal of
tolerance, however, was completely abolished and the IL-6 levels
were maintained similar to the saline group. Upon over-expressing
miR-155, IL-6 levels are seen to reduce significantly compared to the
antagonized and the native cells in Fig. 1C (Fig. 5A). Similarly, in
vivo studies were performed where WT mice were injected with
microRNA inhibitor/over-expression lentivirus i.p. for 48 hours
and implanted with placebo/morphine pellets for 24 hours,
followed by 1 mg/kg LPS injection. Systemic levels of IL-6 were
measured from the serum at 24 and 48 hours time points. Unlike
in vitro results, antagonizing miR-155 did abolish systemic tolerance
in the placebo-implanted mice (Fig. 5B). In contrast, the morphine-
implanted mice showed significantly lower levels of IL-6 for all time
points measured; a clear departure from the miR-146a antagonized,
morphine-implanted mice, where we witnessed onset of hyper-
inflammation at around 48 h of LPS treatment. Additionally, like
the miR-146a antagonized mice, the miR-155 antagonized placebo-
implanted animals exhibited morbid behavior from 0 h LPS time
point and progressively so upon LPS treatment, albeit with 100%
survival till the end of the experiment. Over-expression of miR-
155, on the other hand, significantly suppressed systemic IL-6
production with or without LPS stimulation (Fig. 5B). To compare
between our method of lentivirus-mediated down-regulation of
miR-155 and the commercially available miR-1552/2 (miR-155
knockout) mice, we implanted the latter with placebo/morphine
and injected with 1 mg/kg LPS and serum levels of IL-6 measured
after 24 and 48 h. The results show above-basal levels of IL-6 for
placebo and morphine implanted mice; similar to the microRNA
inhibitor injected mice in Fig. 5B (Fig. 5C).

Discussion
One of the primary responses of the mammalian system, confronted
with pathogenic attack, is to up-regulate an acute inflammatory
cytokine ‘‘storm’’, which serves as a ‘‘call signal’’ for the mobilization
of the immune mediators22. While this is an important aspect of
innate or cell-mediated immunity, the process itself warrants tight
regulation to avoid hyper-inflammation owing to self-induced or
prolonged activation of inflammation leading to sepsis or septic
shock14,20. As understood today, most of this initial response is me-
diated through the activation of Pathogen Recognition Recep-
tors(PRR)12,15,19–21,43–45, and the regulation is mediated by modulating
the activity or levels of adaptor molecules, downstream of the PRR
signaling, leading to endotoxin tolerance28,29,31. Undoubtedly, of all
the mechanisms suggested for affecting tolerance, micro RNA
mediated silencing of PRR downstream intermediaries, is gaining
more ground as evidenced by recent literature22–36. Diverse factors,
including sepsis, trauma and acute pancreatitis have been implicated
in the disruption of the tight regulation of endotoxin tolerance46.
Interestingly, clinical or recreational use/abuse of morphine has been
shown to be associated with sustained immune activation and pro-
motes sepsis and septic shock. While the systemic analgesic response
to morphine undergoes tolerance with chronic use, the effects of
morphine on immune cells do not. Adenylate cyclase superactiva-
tion, the cellular hallmark of analgesic tolerance contributes to dif-
ferential activation of signaling pathways in immune cells. Although
the physiological relevance for sustaining inflammation in the con-
text of morphine is not entirely understood, several clinical and
animal studies show that persistent peripheral inflammation signifi-
cantly attenuate morphine analgesic tolerance. Thus, there is delay in
the development of analgesic tolerance when chronic morphine is
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administered in the context of pain, suggesting that inflammatory
cues sustain morphine’s analgesic response, on the other hand, per-
sistent activation of the mu opioid receptor in the absence of pain
cues lead to rapid analgesic tolerance1,2,4,6,8–11,19,47,48. However the
mechanism underlying this morphine-induced reversal of endotoxin
tolerance has not been clearly delineated.

In this study, we have demonstrated the attenuation of LPS tol-
erance both in vitro, in vivo, ex vivo in mice and in vitro in human
cells by morphine. We have further shown that both miR-146a and
miR-155 are significantly up regulated in response to LPS stimu-
lation, and chronic morphine is able to significantly reduce these
levels. We show that LPS mediated up-regulation or morphine
mediated reversal of the up-regulation of the microRNAs are
reflected in the microRNA target levels in the relevant cells and
finally, depletion or over-expression of the microRNAs abrogates
LPS tolerance, establishing that the microRNAs play a definite role
in endotoxin tolerance.

Our microRNA-array experiment highlighted miR-146a and
miR-155 as being significantly induced by LPS at 48 hours, consistent
with their perceived role in regulating inflammation and tol-
erance27,31,32,34. In our validation studies, we show LPS driven induc-
tion of both the microRNAs, and beyond that, a significant departure
in the downstream activity of the two, not so much in terms of IL-6
induction, but surely in terms of regulating tolerance. While
miR-146a exhibits a strong correlation between LPS induced up-
regulation, target ablation in macrophages, resulting in systemic tol-
erance (or reversal by morphine), miR-155 seems to be inconsistent
on all counts except LPS driven induction and macrophage target
ablation. As indicated in THP1 cells earlier31,32 and also in our study,
unlike miR-155, miR-146a indeed plays a direct role in endotoxin
tolerance and especially, morphine’s role in reversal of tolerance in
our murine model.

The two microRNAs, in their depletion or over-expression, exhibit
differential dynamics in terms of systemic IL-6 production, which
could be attributed to differential regulation of their targets in the
different cell-types. MiR-155 has been variously implicated in differ-
ent cell types to promote a pro-inflammatory environment by tar-
geting several anti-inflammatory factors49–51. Conversely, anti-
inflammatory mediators like glucocorticoids and small molecule
drugs have been shown to work through down-regulation of miR-
155 in immune cells52,53. The wide plethora of well characterized
miR-155 targets, including cytidine diaminase and PU.1 (immuno-
globulin class-switching to IgG in B cells), src homology-2 domain
containing inositol-5-phosphatase 1 (SHIP1; myeloproliferative dis-
order)49 and cytotoxic T-lymphocyte antigen-4 (CTLA4; negative
regulator of T-cell proliferation)50 are anti-inflammatory in effect,
with the sole exception of TAB2. Hence, it is conceivable that upon
induction, miR-155 may have pro- or anti-inflammatory effects,
depending on the major target being depleted. Indeed, when we
compare the SHIP1 versus TAB2 levels in total mice splenocytes,
where we also over-express miR-155, we see a complete depletion
of SHIP1, while TAB2 levels are nominally reduced after 48 h of LPS
treatment (Supplementary Fig. 2). This would explain the above-
basal systemic IL-6 seen upon miR-155 over-expression in Fig. 5B.
Under similar conditions, in presence of morphine however, we do
see an above-basal expression of both the mediators and the level of
systemic inflammation would probably depend on the trade-off
between pro- and anti-inflammatory effects mediated by the differ-
ent cell types involved (Supplementary Fig. 2). In our model, we see
chronic morphine and miR-155 over-expression depleting IL-6 to
below-basal levels (Fig. 5B).

A combination of facts, including our previous finding that
chronic morphine up-regulates TLR4 expression in glial macro-
phages54, TLR4’s involvement in opioid reward in mice55, and upre-
gulation of MOR expression in certain situations including tolerance
and in the presence of LPS (J774.1 cells) (Supplementary Fig. 3),

reveal a multi-layered regulation of innate response to pathogens in
the context of chronic morphine regimen. Considering that miR-
146a has a major role in this regulation, the scope of morphine-
mediated disruption of tolerance may be expanded to a plethora of
organisms, since the targets of miR-146a (IRAK1 and TRAF6) par-
ticipate in all major TLR pathways (except TLR3)32. It may be worth-
while to further dissect the mechanism of tolerance and how
morphine disrupts the balance (summarized in Figure 6) and con-
sider miR-146a as a molecular switch to control hyper-inflammation
in clinical and/or recreational use of morphine.

Methods
Mice and cell lines. C57BL/6 mice were purchased from Jackson Laboratories (Bar
Harbor, Maine). TLR4KO and MORKO mice were maintained in-house. All animals
were maintained in pathogen-free facilities and all procedures were approved by the
University of Minnesota Institutional Animal Care and Use Committee. Typically,
8–10 week old animals were used for our studies. Murine macrophage cell line, J774.1
was obtained from American Type Culture Collection (ATCC; Manassas, VA).
Human blood was purchased from The American Red Cross, Minneapolis chapter.

Placebo/morphine pellet Implantation. Slow release morphine pellets (25 mg) and
corresponding placebo pellets were kindly provided by National Institute of Drug
Abuse (NIDA, National Institutes of Health, Rockville, MD). The implantation
procedure involved 3% isoflurane induced anesthesia, followed by making a small
incision at the dorsal torso of the mice. The appropriate pellet was inserted into the
small pocket created during incision and the wound was closed using stainless steel
wound-clips. The whole process was carried out under aseptic conditions.

miR-Array platform. Custom miRNA microarray experiment and analyses were
performed as described earlier56. The results have been submitted to the NCBI-GEO
database under the accession number GSE42506.

Cell culture and treatments. All cell types used in this study were cultured at 37uC
with 5% CO2. For Packaging and production of appropriate pseudo-lentivirus,
HEK293TN producer cell-line was purchased from System Biosciences and cultured
in DMEM (Gibco), supplemented with 10% FBS and 1% penicillin/streptomycin.
These cells were co-transfected with the appropriate miArrest or miExpress plasmids
and the packaging plasmid mix using X-tremegene HP transfection reagent (Roche)
according to the manufacturer’s specifications. For in vitro studies, J774.1 cells were
purchased from ATCC and cultured in DMEM (Gibco), supplemented with 10% FBS
and 1% penicillin/streptomycin. For tolerance studies, the cells were preconditioned
with 1 mM morphine sulphate (Sigma) or PBS for 24 hours and treated with 50 ng/ml
LPS (from E. coli 055:B5; Sigma) for 24 hours, followed by 100 ng/ml for 4, 12, 24, 48
and 72 hours. At each time point, the culture supernatant was saved and replaced with
fresh media supplemented with the additives as required. For qPCR studies, J774.1
cells were pre-conditioned with saline/morphine/LPS as above and the cells were
harvested at 24 and 48 hours of LPS treatment in 1 ml Trizol reagent (Invitrogen) and
processed for RNA isolation, or stored in 280u freezer until further processing. For
murine splenic macrophage isolation and ex-vivo analysis, C57BL/6 mice were
implanted with placebo or 25 mg slow-release morphine pellet for 24 hours and
saline/1 mg/kg LPS for 5 days. The spleens were harvested from these mice,
macerated through a 40 mm mesh to obtain a single cell suspension and the
erythrocytes lysed using RBC lysis buffer (Sigma). The resultant cells were plated at
37uC with 5% CO2 for 2 hours to adhere the splenic macrophages to the culture dish.
At all times, depending on the source, saline/morphine were maintained on these cells
ex-vivo. Upon adherence, the cells were re-stimulated with 100 ng/ml LPS for 6,12,
24, 48, 72, 96 and 120 hours and the culture supernatant harvested for cytokine
ELISA. Human blood monocyte derived macrophages were similarly allowed to
adhere to the culture dish and pre-conditioned with saline/1 mM morphine sulphate
for 24 hours and treated with 50 ng/ml LPS for 6 hours. The culture supernatant was
replaced with fresh media containing 100 ng/ml LPS for 3 hours and again for
another 6 hours. The culture supernatant was saved at 280u freezer for cytokine
ELISA.

Lentivirus preparation. miArrest microRNA inhibitor plasmids for miR-146a and
155, the respective over-expression plasmids (miExpress) and the packaging plasmid
mix were purchased from Genecopoeia (Rockville, MD). Individual plasmids and the
packaging mix were co-transfected into HEK293TN packaging cell-lines using X-
tremegene HP transfection reagent (Roche). 48 hours post-transfection, the culture
supernatant was harvested and the pseudovirus concentrated using Lenti-pac
lentivirus concentration Solution (Genecopoeia). Control plasmid provided with the
lentivirus kit was processed as above to obtain the control pseudovirus for secondary
transduction of target cells/mice. However, for most experiments, the 0 h time point
with the same transduction was used as the control. Multiplicity of Infection (MOI)
for each lentiviral preparation was determined using HIV p24 ELISA (Sino
Biological) and the standard MOI of 2.0 and above (.85% transduction efficiency)
was determined to be approximately 50 transduction units (TU)/pg of p24.
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In vitro lentivirus administration. In experiments, where miR-146a or 155 were
antagonized or over-expressed, lentivirus was added to the media at calculated
concentration of approximately 5 TU/cell, after 24 hours pre-conditioning with
saline/1 mM morphine. LPS was added to the media 48 hours post transduction, as
described above.

In vivo lentivirus administration. For in vivo injection of lentiviral particles,
wherever applicable, approximately 107 TU/mice were injected (i.p.), 24 hours post
placebo/morphine pellet implantation. 48 hours post transduction, 1 mg/kg LPS was
injected (i.p.) every 24 hours up to 48 hours and in some cases, 72 hours.

In vivo tolerance studies. Mice (C57BL/6, TLR4KO and MORKO, as applicable)
were implanted with placebo/morphine pellet and LPS treatment was commenced 24
hours post hence. For studies involving antagonizing or over-expressing miR-146a or
155, lentivirus were injected 24 hours post-implantation and LPS treatment was
started 48 hours post-transduction. Every 24 hours, blood samples were drawn from
each animal through facial-vein bleeding. At the end point of 48 or 72 hours (as
applicable), peritoneal macrophages were harvested by lavage and the spleen was
harvested and stored at 280uC till further analysis. Alternatively, cohorts of mice
were implanted with placebo/morphine pellets as described and treated with 1 mg/kg
LPS (with or without transduction) every 24 hours. Cohorts of mice were sacrificed
every 24 hours and peritoneal macrophages (lavage), spleen and blood (direct heart
bleeding) were harvested. In all cases, blood were collected into EDTA coated
microtainers (BD Biosciences) and the plasma isolated by centrifugation and stored
in 280uC until further analysis.

Cytokine assays. IL-6 ELISA kits were purchased from eBiosciences and assay
performed according to the manufacturer’s protocol. For each assay, culture
supernatant or plasma was quantitated with BCA protein assay kit (Pierce) and IL-6
levels were determined for 1 mg total protein load.

qPCR and primers. Total cellular RNA (J774.1 cells) was extracted using TRIzol
(Invitrogen), and cDNA was synthesized with the M-MLV Reverse Transcription Kit
(Promega). Primers for IRAK1, TAB2, and 18S ribosomal RNA were purchased from

IDT. Primers for OPRM1 (MOR) were purchased from Qiagen. Quantitative real-
time polymerase chain reaction (PCR) was performed on an Applied Biosystems 7500
Realtime PCR Detection system. All samples were run in triplicate, and relative
mRNA expression levels were determined after normalizing all values to 18S RNA.
Primer sequence:18s 5’-GTAACCCGTTGAACCCCATT-3’;5’-CCATCCAATCG-
GTAGTAGCG-3’ IRAK1: 5’-GCTGTGGACACCGATACC-3’;5’-GGTCACTCC-
AGCCTCTTCAG-3’; TAB2: 5’-ACTACTCCACCGCCAAC-3’; 5’-TTTCTTTGT-
GGGGGTTCAAG-3’. For miRNA146a and miRNA155, Total cellular RNA was
extracted using TRIzol (Invitrogen), and cDNA was synthesized with miScript RT kit
(Qiagen). Primers for U6, miR146a, and miR155 were purchased from Qiagen.
Quantitative real-time polymerase chain reaction (qPCR) was performed on an
Applied Biosystems 7500 Realtime PCR Detection system. All samples were run in
triplicate, and relative mRNA expression levels were determined after normalizing all
values to U6 RNA.

Western blot. All antibodies for western blot analysis were purchased from Cell
Signaling Technologies except anti-TRAF6 antibody (Sigma). For peritoneal
macrophages, the cell pellet was directly dissolved in 13 SDS-PAGE sample buffer
(Pierce). For total splenocytes, single cell suspension from spleens were suspended in
RBC lysis buffer (Sigma) and RBC-free fraction was directly boiled with the sample
buffer as above. Electrophoresis was performed on AnyKd mini gels (Bio-Rad) and
transferred onto nitrocellulose membranes (Bio-Rad). The membranes were typically
blocked with G-blocker (G Biosciences) overnight and probed with primary
antibodies for 2 hours. Membrane was incubated with IRdye (680 and 800; Licor) for
one hour, which allowed us to detect the loading control in the same membrane.
Signal acquisition was done on Odyssey western blot developer (Licor) as per
manufacturer’s instructions.

Statistical analysis. Cytokine concentrations from culture supernatant were
expressed as change versus saline 6 SD. For plasma level changes, this was expressed
as 6 SEM. Fold changes in qPCR were expressed as 6 SD between groups.
Significance was defined as p , 0.05 (ELISA) and p , 0.01 (qPCR) in an unpaired
student’s t test.

Figure 6 | Model depicting the interplay of miR-146a and miR-155 in different cell types and their contribution to systemic inflammation and
LPS tolerance. Natural stimulation of TLR4, which on one hand activates NF-kB via a plethora of signaling intermediaries, and on the other hand

gears up for inducing tolerance and reducing inflammation, by up-regulating miR-146a and 155. Upon activation of the MOR , there is a concomitant

inhibition of miR-146a and 155, whereby, we see a persistent state of inflammation. In our experiments and in the literature, there is ample evidence that

miR-155 has different target preference in different cell types , where down-regulation of SHIP1 or PU.1 promotes inflammation, contrary to the

silencing of TAB2 in macrophages. The systemic fallout of this interplay, especially in the context of inflammation is different for miR-146a and 155.

While miR-146a seems to tone down TLR4 signaling and NF-kB activation and hence induces tolerance, miR-155 effect is a sum total of individual

contribution from different cell types and inflammation would essentially depend on the dominant target of the microRNA under different secondary

conditions, including MOR signaling and infection. This clearly implies that miR-146a, and not miR-155, would have a direct role to play in a tightly

regulated phenomenon like tolerance, specifically in the context of chronic morphine.
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