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Targeting extracellular CIRP with an X-aptamer
shows therapeutic potential in acute pancreatitis

Wuming Liu,1,2 Jianbin Bi,1,3 Yifan Ren,1,4 Huan Chen,5 Jia Zhang,1,6 Tao Wang,1,2 Mengzhou Wang,1,2

Lin Zhang,1,2 Junzhou Zhao,1,2 Zheng Wu,2 Yi Lv,1,2 Bing Liu,5,* and Rongqian Wu1,7,*

SUMMARY

Severe acute pancreatitis (AP) is associated with a high mortality rate. Cold-
inducible RNA binding protein (CIRP) can be released from cells in inflammatory
conditions and extracellular CIRP acts as a damage-associated molecular
pattern. This study aims to explore the role of CIRP in the pathogenesis of
AP and evaluate the therapeutic potential of targeting extracellular CIRP
with X-aptamers. Our results showed that serum CIRP concentrations were
significantly increased in AP mice. Recombinant CIRP triggered mitochondrial
injury and ER stress in pancreatic acinar cells. CIRP�/� mice suffered less
severe pancreatic injury and inflammatory responses. Using a bead-based
X-aptamer library, we identified an X-aptamer that specifically binds to CIRP
(XA-CIRP). Structurally, XA-CIRP blocked the interaction between CIRP and
TLR4. Functionally, it reduced CIRP-induced pancreatic acinar cell injury
in vitro and L-arginine-induced pancreatic injury and inflammation in vivo.
Thus, targeting extracellular CIRP with X-aptamers may be a promising strat-
egy to treat AP.

INTRODUCTION

Acute pancreatitis (AP) is a common and potentially lethal inflammatory disease. Despite recent advances

in minimally invasive techniques and critical care, there is currently no effective and targeted treatment for

AP. Other than management of complications, the treatment of AP is mainly supportive.1 Patients who

develop severe AP still have a high mortality rate. The prognosis largely depends on the development

of local and systemic inflammatory response.2

Cold-inducible RNA binding protein (CIRP) is an intracellular RNA-chaperone. However, it can be released

from cells in inflammatory conditions and extracellular CIRP acts as a damage-associatedmolecular pattern

to promote inflammation.3 Toll-like receptor 4 (TLR4) is the main receptor for extracellular CIRP.4 A recent

study has revealed that serum CIRP concentrations are increased in AP patients and high serum CIRP con-

centrations predict poor prognosis in severe AP.5 Inhibition of CIRP-mediated activation of inflammatory

responses has been shown to alleviate organ injury in animal models of AP.6,7 However, the role of CIRP

in the pathogenesis of AP remains largely unknown.

Aptamers are short nucleic acids that can bind onto a specific target molecule with high affinity and

specificity. Owing to their small size and unique binding properties, nucleic acid aptamers have

emerged as a novel and encouraging class of therapeutics for various indications.8 X-Aptamers are

chemically modified DNA aptamers.9 The modification on the DNA scaffold with non-DNA functional

groups allows X-aptamers to interact with a target molecule more vigorously than traditional DNA

aptamers. Blocking extracellular CIRP with antibodies,3 oligopeptides,10 or microRNAs11 has been

shown to inhibit inflammation and reduce organ injury under various conditions. However, no

attempts have been made to explore the potential of using aptamers to antagonize extracel-

lular CIPR.

The main purpose of this study, therefore, was to explore the role of CIRP in the pathogenesis of AP

and evaluate the therapeutic potential of targeting extracellular CIRP with X-aptamers in experi-

mental AP.
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RESULTS

CIRP levels are increased in experimental AP and recombinant CIRP directly damages

pancreatic acinar cells

First, we verified that L-arginine-induced AP model can indeed cause pancreatic tissue damage and in-

crease of amylase and lipase (supplemental information: Figure S1). To explore the role of CIRP in AP,

we measured pancreatic levels of CIRP in the mouse model of L-arginine-induced AP. We found that

pancreatic levels of CIRP increased gradually at 24, 48, and 72 h after the induction of AP (supplemental

information: Figure S2). As pancreatic injury reaches its maximum level at 72 h after L-arginine injection,12,13

we measured serum levels of CIRP at 72 h after L-arginine injection. As is it shown, serum level of CIRP

increased by 719% at 72 h after the induction of AP (Figure 1C). According to the results of immunofluores-

cence, the expression of CIRP in the pancreas increased significantly after L-arginine injection (Figure 1A).

Similarly, immunohistochemical analysis showed a significant increase in CIRP levels in pancreatic tissue

(Figure 1B).

To investigate the direct effects of extracellular CIRP on pancreatic acinar cells, we treated AR42J cells with

various doses of recombinant mouse CIRP for up to 72 h. Mitochondrial dysfunction plays an important role

in the pathogenesis of AP.12,14,15 Recombinant CIRP dose- and time-dependently downregulated the

expression of peroxisome proliferative activated receptor-g coactivator 1a (PGC-1a) and mitochondrial

transcription factor (Tfam), two important regulators of mitochondrial biogenesis,16 in AR42J cells. Simi-

larly, mitofusin-2 (Mfn-2), a regulator of mitochondrial fusion and mitophagy,17 were decreased after re-

combinant CIRP treatment (Figures 1D–1G).

Mitochondrial dysfunction can result in ER stress.15 As it is shown, recombinant CIRP significantly increased

the expression of glucose-regulated protein 78 (GRP78), protein disulfide isomerase (PDI), and phosphor-

ylated-inositol-requiring enzyme 1a (p-IRE1a), suggesting persistent ER stress after CIRP stimulation in

these cells (Figures 1H–1K).

Recombinant CIRP also directly caused death in pancreatic acinar cells. As it is shown, recombinant CIRP

dose-dependently increased dead cells (PI positive cells) and decreased living cells (calcein positive cells)

(Figure 1L). In the Cell Counting Kit-8 detection, the proliferation of AR42J cells was significantly inhibited

by recombinant CIRP (Figure 1M). Consistently, recombinant CIRP also dose- and time-dependently

increased RIP-3 levels, a critical regulator of programmed necrosis, in AR42J cells (Figures 1N–1Q).

CIRP deficiency alleviates pancreatic injury and inflammation in AP mice

To confirm the role of CIRP in the pathogenesis of AP, we induced AP by L-arginine injection in CIRP KO

mice. As it is shown, CIRP KO mice displayed less severe pancreatic injury after L-arginine injection than

WT mice (Figures 2A and 2B). CIRP KO mice also had smaller necrotic areas, lower RIP-3 expression in

Figure 1. CIRP expression is increased in AP mice and recombination CIRP directly damages pancreatic acinar cells

(A) Pancreatic CIRP immunofluorescence in sham and AP mice (200X). Scale bars:50mm.

(B) Pancreatic CIRP immunohistochemical analysis in sham and AP mice (400X). Scale bars:20mm.

(C) Serum levels of CIRP in sham and AP mice. L-Arginine-AP was induced by two hourly intraperitoneal injections of 4.0 g/kg L-arginine. The animals were

sacrificed at 72 h after the first injection of L-arginine. n = 8/group, *p < 0.05 versus sham group.

(D and E) Western blot analysis of PGC-1a, Tfam and Mfn-2 in AR42J cells. The pancreatic AR42J cells (53105/well) were treated with 250, 500, or 1000 ng/mL

recombination murine CIRP for 72 h n = 4/group, *p < 0.05 versus 0-ng/mL group.

(F and G) Western blot analysis of PGC-1a, Tfam and Mfn-2 in AR42J cells. The pancreatic AR42J cells (53105/well) were treated with 1000 ng/mL

recombination murine CIRP for 24, 48 or 72 h n = 4/group, *p < 0.05 versus 0-h group.

(H and I) Western blot analysis of GRP78, PDI, IRE1a, and pIRE1a in AR42J cells. The pancreatic AR42J cells (53105/well) were treated with 250, 500, or

1000 ng/mL recombination murine CIRP for 72 h. (n = 4/group, *p < 0.05 versus 0-ng/mL group).

(J and K) Western blot analysis of GRP78, PDI, IRE1a, and pIRE1a in AR42J cells. The pancreatic AR42J cells (53105/well) were treated with 1000 ng/mL

recombination murine CIRP for 24, 48, or 72 h n = 4/group, *p < 0.05 versus 0-h group. (L) Calcein/PI cell viability/cytotoxicity assay staining of AR42J cells.

The pancreatic AR42J cells (53105/well) were treated with 250, or 1000 ng/mL recombination murine CIRP for 72 h. Scale bars:20mm. (M) Cell counting kit-8

assay of AR42J cells. The pancreatic AR42J cells (53103/well) were treated with 250, 500, or 1000 ng/mL recombination murine CIRP for 24, 48 or 72 h

n = 8/group, *p < 0.05 versus control group.

(N and O) Western blot analysis of RIP-3 in AR42J cells. The pancreatic AR42J cells (53105/well) were treated with 250, 500, or 1000 ng/mL recombination

murine CIRP for 72 h n = 4/group, *p < 0.05 versus 0-ng/mL group.

(P and Q)Western blot analysis of RIP-3 in AR42J cells. The pancreatic AR42J cells (53105/well) were treated with 1000 ng/mL recombination murine CIRP for

24, 48, or 72 h n = 4/group, *p < 0.05 versus 0-h group. Data are expressed as means G SEM. See also Figures S1 and S2.
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the pancreatic tissue and lower amylase and lipase levels in the serum than WT mice after L-arginine injec-

tion (Figures 2C–2G). The reduced pancreatic injury in CIRP KO mice was associated with lower TNF-a and

IL-1b levels in the serum (Figures 2H and 2I) and fewer inflammatory cell infiltration in the pancreatic tissue

(Figures 2J–2M) than WT mice.

Figure 2. CIRP deficiency alleviates pancreatic injury and inflammation in AP mice

L-Arginine-AP was induced by two hourly intraperitoneal injections of 4.0 g/kg L-arginine in wild type or CIRP knockout

mice. The animals were sacrificed at 72 h after the first injection of L-arginine.

(A) Representative photos of hematoxylin and eosin (HE) staining in the pancreas (200X or 400X). Scale bars:20mm.

(B) Pancreatic injury scores.

(C) Percentages of necrotic areas.

(D and E) Western blot analysis of RIP-3 in the pancreas.

(F) Serum amylase levels.

(G) Serum lipase levels.

(H) Serum TNF-a levels.

(I) Serum IL-1b levels.

(J–M) Representative photos and quantitative analysis of F4/80, Gr1, and CD11b staining. Scale bars:10mm.n = 6/group,

*p < 0.05 versus sham group; #p < 0.05 versus L-arginine WT group. Data are expressed as means G SEM.
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CIRP deficiency reduces mitochondrial damage and ER stress in AP mice

Consistentwith our previous findings,12,14 electron transmissionmicroscope revealed substantialmitochon-

drial damage in the pancreatic tissue of WT mice after L-arginine injection. Electron transmission micro-

scope revealed mitochondrial swelling and condensation, disruption, or loss of cristae occurred after the

induction of AP in mice. CIRP deficiency appeared to attenuate these pathologic alterations in mitochon-

drial ultrastructure in APmice (Figure 3A). InWestern blot analysis, L-arginine injection resulted in significant

downregulation of several mitochondrial function-related proteins including PGC-1a, Tfam, Mfn-2, and

PTEN-induced putative kinase protein 1 (PINK1) in WT mice (Figures 3B–3F). CIRP deficiency prevented

L-arginine injection-induced downregulation of PGC-1a, Tfam, Mfn-2, and PINK1 levels in mice. Consis-

tently, L-arginine-induced AP reduced superoxide dismutase (SOD) and glutathione (GSH) levels, which

was offset by the CIRP deficiency, suggesting that the CIRP deficiency could significantly ease the level of

oxidative stress (Figures 3G and 3H).

Electron transmission microscope also unveiled noticeable swelling and dilation of the ER lumen, suggest-

ing ER stress, in the pancreatic tissue of WT mice after L-arginine injection (Figure 3I). The dilation in the ER

lumen was less obvious in CIRP KO mice after L-arginine injection. Western blot analysis showed that CIRP

KO mice also had lower levels of ER stress-related proteins including GRP78, PDI, and p-IRE1a than WT

mice after the induction of AP (Figures 3J–3M). Excessive endoplasmic reticulum stress can trigger

apoptosis. Western blot analysis showed that the level of apoptosis-related protein BAX increased and

the level of Bcl-2 decreased in L-arginine injection induced AP mice. In the CIRP KO mice, the effect was

significantly reduced (Figures 3N and 3O).

Identification of CIRP targeting X-Aptamers

CIRP targeting X-aptamers were identified from a bead-based X-aptamer library (AM Biotechnologies,

Houston, TX, USA) using recombinant human CIRP protein as the target. Eight X-aptamer candidates (sup-

plemental information: Figure S3) were selected for validation of the CIRP antagonizing activity using CIRP-

stimulated RAW264.7 cells (supplemental information: Figure S4). The X-aptamer with the strongest CIRP

antagonizing activity was used for the subsequent experiments and designated as the XA-CIRP (supple-

mental information: Figure S3A Sequence 4).

The interaction between CIRP and TLR4 is essential for the pro-inflammatory activity of extracellular

CIRP.3,18,19 Backbone assignment using nuclear magnet resonance (NMR) spectroscopy allows the corre-

lation of residue number with backbone NH cross-peak, which has an important role in biomolecular inter-

action study. Using standard triple resonance experiment, we fully assigned all possible residues (supple-

mental information: Figure S5). To verify if CIRP interacts with our screened X-aptamer, we performed NMR

titration and isothermal titration calorimetry (ITC) experiments. After unlabeled X-aptamer added to
15N-labeled CIRP, many peaks in the spectrum experience chemical significant peak broadening compared

with free CIRP, suggesting the existence of an interaction within intermediate exchange rate regime (Fig-

ure 4A). Using ITC, we quantified the affinity of the interaction and calculated the KD as 1.71 G 0.197 mM

(Figure 4B). Then, we assessed the interaction between CIRP and extracellular domain of TLR4 using the

NMR and ITC experiments. As shown in (Figures 4C and 4D), CIRP also interacted with extracellular domain

of TLR4 with the KD of 3.72 G 1.98 mM. And importantly, the similar set of amino acids experience peak

broadening effect, albeit the difference in the peak intensity change.

Crystal structure of CIRP (PDB ID: 5TBX) shows that CIRP folds into a globular domain. Using theNMR titration

for CIRP and X-aptamer, we managed to map the interface on CIRP by highlighting the residues that experi-

enced most significant peak broadening effect (Figure 4E). As the similar set of residues experienced peak

broadeningeffect in theCIRPandTLR4 titration (Figure 4F), residues responsible forCIRPandX-aptamer inter-

action are also crucial for CIRP and TLR4 interaction. Thus, our screened X-aptamer is a strong competitor of

TLR4 for CIRP interaction. As the affinities withCIRPwere determinedby ITC (Figures 4B and 4D), our screened

X-aptamer is a preferred binding partner for CIRP over the extracellular domain of TLR4.

Figure 3. CIRP deficiency reduces mitochondrial damage and endoplasmic reticulum stress in AP mice

L-Arginine-AP was induced by two hourly intraperitoneal injections of 4.0 g/kg L-arginine in wild type or CIRP knockout mice. The animals were sacrificed at

72 h after the first injection of L-arginine. (A and I) Ultrastructural alterations in the pancreas (electron microscopy). Scale bars:2mm. (B–F) Western blot

analysis of PGC-1a, Tfam, PINK1, and Mfn-2 in the pancreas. (G) The SOD levels in pancreas. (H) The GSH levels in pancreas. (J-M) Western blot analysis of

GRP78, PDI, IRE1a, and pIRE1a in the pancreas. (N and O) Western blot analysis of BAX, Bcl-2 in the pancreas; n = 6/group, *p < 0.05 versus sham group;

#p < 0.05 versus L-arginine WT group. Data are expressed as means G SEM.
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XA-CIRP reduces recombinant mouse CIRP-induced pancreatic acinar cell injury in vitro

Immunohistochemical staining of the pancreas showed that the expression of TLR4 was significantly upre-

gulated in the acinar cells of L-arginine-treated mice (supplemental information: Figures S6A and S6B).

In addition, recombinant CIRP or caerulein+LPS also increased TLR4 expression in cultured AR42J cells

(supplemental information: Figures S6C and S6D).

CIRP is a highly conservative protein. The amino acid sequence of human CIRP is 95.3% identical to mouse

CIRP.20 The XA-CIRP was selected using recombinant human CIRP as the target. To determine whether

XA-CIRP can block the activity of mouse CIRP, AR42J cells were treated with either recombinant mouse

CIRP or XA-CIRP plus recombinant mouse CIRP. As it is shown, XA-CIRP reduced recombinant mouse

CIRP-induced cell death and RIP-3 upregulation in AR42J cells (Figures 5A–5C).

XA-CIRP treatment is protective in experimental AP

To investigate whether the selected XA-CIRP has any beneficial effects in experimental AP, XA-CIRP

(10 nmol/kg) was administered intravenously 2 h after the second injection of L-arginine in mice. As shown

Figure 4. Interaction between CIRP and XA-Aptamers or extracellular domain of TLR4

(A) Overlay of 2D 1H-15N HSQC spectra of the CIRP without (black) and with 5 M equivalents of X-Aptamer (red). The residues experiencing most peak

broadening effect are indicated. This characterized peak broadening in the spectrum of the complex indicates intermediate-exchange timescale for NMR or

intermediate interaction.

(B) ITC result for CIRP and X-Aptamer. The KD value for the interaction was calculated to be 1.71 mM.

(C) Overlay of 2D 1H-15N HSQC spectra of the CIRP without (black) and with 5 M equivalents of extracellular domain of TLR4 (red). The residues experiencing

most peak broadening effect are indicated. This characterized peak broadening in the spectrum of the complex indicates intermediate-exchange or

intermediate timescale for NMR interaction.

(D) ITC result for CIRP and extracellular domain of TLR4. The KD value for the interaction was calculated to be 3.72 mM.

(E) The interface for CIRP and X-Aptamer interaction. Orange areas indicate the NMR-derived interface, in which peaks experienced the most broadening

effect in NMR titrations.

(F) The interface for CIRP and extracellular domain of TLR4. Orange areas indicate the NMR-derived interface, in which peaks experienced the most

broadening effect in NMR titrations. See also Figures S3–S5.
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in Figures 6A–6G, XA-CIRP treatment mitigated pancreatic injury, reduced RIP-3 expression and decreased

serum levels of amylase and lipase at 72 h after the induction of AP. XA-CIRP treatment also decreased serum

levels of TNF-a and IL-1b (Figures 6H and 6I) and inhibited inflammatory cells infiltration (Figures 6J–6M) in

experimental AP.

XA-CIRP treatment significantly reduced ultrastructural damage in the mitochondria and ER stress of AP mice

(Figures 7A and 7I). Consistently, significantly decreased PGC-1a, Tfam,Mfn-2, and PINK1 levels in the pancre-

atic tissues of APmice were also elevated by XA-CIRP treatment (Figures 7B–7F). XA-CIRP treatment also alle-

viated oxidative stress levels in pancreatic tissue (Figures 7G and 7H). Similarly, significantly increased GRP78,

PDI, and p-IRE1a levels in the pancreatic tissues of APmicewere decreasedby XA-CIRP treatment (Figures 7J–

7M). XA-CIRP treatment can also moderate the level of apoptosis in pancreatic tissue (Figures 7N and 7O).

DISCUSSION

Severe AP remains a serious condition without effective pharmacologic treatment. Here, we show that both

serum and pancreatic levels of CIRP were elevated in experimental AP, and CIRP deficiency was protective

in mice with AP. Neutralizing CIRP by the X-aptamer XA-CIRP was highly effective in reducing pancreatic

injury and inflammation in a mouse model of L-arginine-induced AP. XA-CIRPmaymeet the urgent medical

need for treating AP.

AP is an inflammatory disease. A growing body of evidence has demonstrated that extracellular CIRP is a

portent pro-inflammatory mediator.3,4 It can trigger inflammatory responses via a TLR4-mediated signaling

pathway. Directly neutralizing CIRP or inhibiting its activity has been shown to reduce inflammation under

various conditions.3,10,11,21 Serum CIRP levels are elevated in patients with AP.5,6 CIRP can be released in mul-

tiple pathological contexts. Release of CIRP can occur actively from activated macrophages and passively

from necrotic cells.4 As extracellular CIRP can bind to TLR4, theoretically, any cells that expressed TLR4 can

be targeted by CIRP. Several studies have suggested that CIRP contributes to the development of inflamma-

tion in AP. Linders J et al. revealed that extracellular CIRP is a critical regulator of neutrophil extracellular trap

(NET) formation in the inflamed pancreas and targeting extracellular CIRP with the CIRP-derived oligopeptide

C23 protects against taurocholate-induced pancreatic injury and inflammation in mice.6 Xu Q et al. showed

that emodin, a natural ingredient of Rhei Radix et Rhizoma (i.e., Da Huang), attenuates severe AP-induced

acute lung injury by blocking CIRP-mediated activation of the NLRP3/IL-1b/CXCL1 signaling pathway.7 Our

Figure 5. XA-CIRP reduces CIRP-induced pancreatic acinar cell injury in vitro

The pancreatic AR42J cells (53105/well) were treated with 1000 ng/mL recombination murine CIRP with or without 1 mM

XA-CIRP for 72 h.

(A) Calcein/PI cell viability/cytotoxicity assay staining of AR42J cells. Scale bars:20mm.

(B and C) Western blot analysis of RIP-3. n = 4/group, *p < 0.05 versus sham group, #p < 0.05 versus CIRP group. Data are

expressed as means G SEM. See also Figure S6.
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Figure 6. XA-CIRP attenuates pancreatic injury and inflammation in AP mice. L-Arginine-AP was induced by two hourly intraperitoneal injections

of 4.0 g/kg L-arginine

At 2 h after the last injection of l-arginine, XA-CIRP (10 nmol/kg BW) or control was administered via the tail vein 2 h after the second injection of L-arginine

solution. Blood and pancreatic tissue samples were harvested at 72 h after the first injection of L-arginine (i.e., 69 h after the injection of XA-CIRP).

(A) Representative photos of hematoxylin and eosin (HE) staining in the pancreas (200X or 400X). Scale bars:20mm.
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current study also showed that blocking CIRP or CIRP deficiency resulted in less severe inflammatory re-

sponses in AP mice, which adds another line of evidence supporting the pivotal role of CIRP in initiating

inflammation during the development of AP.

In addition to the pro-inflammatory role of CIRP in AP, our results suggest that CIRP may also directly

inducemitochondrial damage and ER stress in pancreatic acinar cells. Proper functions of themitochondria

and ER are vital for many physiological roles of the pancreas. Accumulating data from both clinical and

experimental studies have established the important role of mitochondrial injury in the pathogenesis of

AP.12,14,22,23 Mitochondria are not only the energetic powerhouses but also crucial synthetic hubs of the

cell. Pharmacological disruption of mitochondrial dynamics triggers pancreatitis in various animal models

and in patients.24 Mitochondrial dysfunction leads to impaired energy production and ER stress.25,26 Exces-

sive ER stress can induce cell death and initiate inflammation.27 Strategies of maintaining mitochondrial

function and inhibiting excessive ER stress are the basis of many treatment approaches of AP.26,28–31

Several studies have demonstrated that the TLR4 signaling pathway is involved in the regulation of mito-

chondrial and ER functions.32–35 The results from the current study showed that TLR4 is expressed in

pancreatic acinar cells and increased during AP. Therefore, CIRP is a direct disruptor of mitochondrial

and ER functions, and neutralizing CIRP may be a way to maintain cellular homeostasis in AP.

Nucleic acid aptamers are a distinct class of nucleic acid molecules that can specifically bind onto proteins or

other cellular targets.36 Compared with antibodies, nucleic acid aptamers are easier to prepare, less immuno-

genic, smaller in size, andmore efficiently to penetrate tissues. The first aptamer-based treatment, pegaptanib

(Macugen), was approved for clinical use by the U.S. Food and Drug Administration in 2004.37 Since then, ap-

tamers have emerged as an attractive tool for in vivo treatment applications. In fact, several aptamers are

currently under investigation in various stages of clinical trials.17,38–42 Evengreater efforts are beingmade inpre-

clinical development of aptamer-based therapeutics.43–46 However,many nucleic acid aptamers developed us-

ing the traditional SELEXprocess donotmeet the requirement for therapeutic applications.47 X-Aptamerswere

considered to be the next generation aptamers. Unlike traditional SELEX aptamers, X-aptamers incorporate

non-DNAfunctionalgroups into theDNAscaffold.9 Theadditionof theseadditional functionalgroupscan result

in notonly a significantboost against nucleasedegradationbut alsoamplifiedbindingaffinities,48whichenables

X-aptamers to be superior targeting agents. As an RNA chaperone, CIRP is a natural target for nucleic acid ap-

tamers. Using a bead-based X-aptamer library, we identified an X-aptamer that specifically binds to CIRP (XA-

CIRP). Structurally, XA-CIRP blocked the interaction between CIRP and TLR4. Functionally, it reduced CIRP-

induced pancreatic acinar cell injury in vitro and L-arginine-induced pancreatic injury and inflammation in vivo.

These findings show the feasibility of developingXA-CIRPas an adjunct forAP treatment. In conclusion, our cur-

rent study suggests that CIRP is a viable therapeutic target for AP and neutralizing extracellular CIRP with

X-aptamer-based adjunctive strategy may be a promising approach to alleviate the severity of AP.

Limitations of the study

There are some limitations in the current study. First, the knockout mice used in this study eliminate not only

extracellular but also intracellular CIRP. However, the role of intracellular CIRP may be different from the

extracellular CIRP. Therefore, the results obtained from CIRP KOmice need to be interpreted with caution.

Second, our multidimensional NMR spectroscopy showed overlays of CIRP and TLR4 with XA-CIRP, sug-

gesting that XA-CIRP might block the interaction between CIRP and TLR4. However, we did not actually

confirm the blocking effect of XA-CIRP in CIRP and TLR4 interaction. Third, as a feasibility study, the ther-

apeutic effects of XA-CIRP were observed at 72 h after the induction of AP. The long-term effects of XA-

CIRP treatment, including survival, remains to be determined in the applied model of AP. Finally, the

dose-depended effects and time-course of XA-CIRP treatment also warrant further investigation.

Figure 6. Continued

(B) Pancreatic injury scores.

(C) Percentages of necrotic areas.

(D and E) Western blot analysis of RIP-3 in the pancreas.

(F) Serum amylase levels.

(G) Serum lipase levels.

(H) Serum TNF-a levels.

(I) Serum IL-1b levels.

(J–M) Representative photos and quantitative analysis of F4/80, Gr1, and CD11b staining. Scale bars:10mm.n = 6/group, *p < 0.05 versus sham group.

#p < 0.05 versus L-arginine vehicle group. Data are expressed as means G SEM.
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(J–M) Western blot analysis of GRP78, PDI, IRE1a, and pIRE1a in the pancreas.

(N and O) Western blot analysis of BAX, Bcl-2 in the pancreas. n = 6/group, *p < 0.05 versus sham group; #p < 0.05 versus L-arginine vehicle group. Data are

expressed as means G SEM.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-b-Actin CST Cat #3700; RRID:AB_2242334

Anti-PDI CST Cat #3501; RRID:AB_2156433

Anti-RIP-3 CST Cat #95702; RRID:AB_2721823

Anti-PINK1 CST Cat #6946; RRID:AB_11179069

Anti-GRP78 CST Cat #3183; RRID:AB_10695864

Anti-PGC-1a Abcam Cat ab106814

Anti-T-fam Abcam Cat ab138351; RRID:AB_2651017

Anti-Mfn-2 Abcam Cat ab124773; RRID:AB_10999860

Anti-IRE1a Abcam Cat ab235171

Anti-p-IRE1a Abcam Cat ab48187; RRID:AB_873899

Anti-CIRP Abcam Cat ab246510; RRID:AB_2923244

Anti-TLR4 Proteintech Cat 66350-1-Ig; RRID:AB_2881730

HRP-conjugated Affinipure Goat Anti-Mouse IgG(H+L) Proteintech Cat SA00001-1; RRID:AB_2722565

HRP-conjugated Affinipure Goat Anti-Rabbit IgG(H+L) Proteintech Cat SA00001-2; RRID:AB_2722564

Anti-Gr1 (LY6G) Abcam Cat# ab25377; RRID:AB_470492

Anti-CD11b Abcam Cat# ab216445; RRID:AB_2864378

Anti-F4/80 Abcam Cat# ab240946

Chemicals, peptides, and recombinant proteins

LPS Solarbio Cat#L8880-10mg

Cerulein Solarbio Cat#C6660-1mg

Recombinant Cold Inducible RNA Binding Protein (CIRBP) CLOUD-CLONE Cat#RPG886Mu01

Hematoxylin and Eosin dye Servicebio Cat# G1003

Ham’s F-12K Procell Cat# PM150910

20% fetal bovine serum Procell Cat# 164210-500

Critical commercial assays

Calcein/PI Cell Viability/Cytotoxicity Assay Kit Beyotime Cat# C2015M

Serum amylase assay kit Nanjing Jiancheng Bioengineering Institute Cat# C016-1

Serum lipase assay kit Nanjing Jiancheng Bioengineering Institute Cat# A054-1

Mouse cold-inducible RNA-binding protein ELISA kit CUSABIO CSB-EL005440MO

TNF-a ELISA Kit CUSABIO CSB-E04741m

IL-1b ELISA kit CUSABIO CSB-E08054m

Experimental models: Cell lines

Pancreatic AR42J cells Procell Cat# CL-0025

Experimental models: Organisms/strains

C57BL/6 J mice Experimental Animal Center of Xi’an Jiaotong University N/A

Software and algorithms

GraphPad Prism 8 GraphPad Software lnc https://www.graphpad.com/

ImageJ Software Open Source https://imagej.net/software/fiji/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Rongqian Wu (rwu001@mail.xjtu.edu.cn).

Material availability

Antibodies were obtained from the commercial sources described in the STAR Methods key resources ta-

ble. All material generated in this study are available from the lead contact upon request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experimental animals and the AP model

Male wild-type C57BL/6 J mice (Experimental Animal Center of Xi’an Jiaotong University, Xi’an, China) and

CIRP knockout (KO) mice (Shanghai Model Organisms Center, Inc., Shanghai, China) were used in this

study. The CIRP KO mice were generated by deleting CIRP gene on a C57BL/6 J background using the

CRISPR/Cas9 technique. The mice were housed in a temperature-controlled room on a 12-h light/dark

cycle and fed on a standard laboratory chow diet. The study protocol was approved by the Institutional

Animal Care and Use Committee of the Ethics Committee of Xi’an Jiaotong University Health Science

Center.

The details of mouse APmodel are as follows.14 The mice (8–10 weeks, 20–22 g) were fasted for 12 h prior to

the procedure. AP was induced by two hourly intraperitoneal injections of 4.0 g/kg L-arginine (A0013; Solar-

bio, beijing, China). The mice were anesthetized with isoflurane inhalation at 72 h after the first injection of

L-arginine. Blood and pancreatic samples were collected.

Cell culture

Pancreatic AR42J cells (CL-0025, Procell, Wuhan, China) were cultured in Ham’s F-12K (PM150910, Procell,

Wuhan, China) with 20% fetal bovine serum (164210-500, Procell, Wuhan, China) in a humidified incubator

at 37�Cwith 5%CO2. The cells were treated with various concentrations of recombinant CIRP or XA-CIRP as

indicated in the figure legends. The living and dead cells were detected using Calcein/PI Cell Viability/

Cytotoxicity Assay Kit (C2015M, Beyotime, Shanghai, China) according to the manufacturer’s instructions.

METHOD DETAILS

Western blot analysis

The details of Western blot analysis were as follows.49 The membranes were incubated with primary anti-

bodies at 4�C overnight. Then, the horseradish peroxidase (HRP)-conjugated secondary antibodies were

added onto the membranes and incubated at 37�C for 45 min. The bands were displayed by using a digital

gel image analysis system (Bio-Rad, United States), and the expression levels of proteins were calculated by

ImageJ software. The primary and secondary antibodies used in this study are listed in the key resources

table.

Immunohistochemistry

Pancreatic tissue from sacrificed animals was fixed in 4% formalin for paraffin embedding. The primary an-

tibodies against Gr1 (LY6G) (ab25377, Abcam, USA), CD11b (ab216445, Abcam, USA),F4/80 (ab240946,

Abcam,USA),TLR4(66350-1-Ig,Proteintech,USA),CIRP(ab246510,Abcam,USA)were used for immunohisto-

chemical staining.50 The pancreatic paraffin blocks were subjected to dewaxing, soaking, rinsing, antigen

retrieval, and serum blocking for 20 min at room temperature. The primary antibodies were incubated with

the samples overnight at 4�C, and the secondary antibody for 1 h at room temperature. Then, the samples
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were subjected to DAB chromogen, hematoxylin dyeing, alcohol dehydration, clearing and gum sealing.

The specific staining of cells in the pancreatic tissue was observed with an optical microscope.

Immunofluorescence

For CIRP immunofluorescence staining, pancreatic tissue samples were fixed with 4% paraformaldehyde

and then permeabilized with 0.5% Triton X-100. A primary rabbit anti-CIRP antibody (ab246510,Abcam,

USA) was incubated with samples overnight at 4�C. HRP-conjugated Affinipure Goat Anti-Rabbit IgG(H+L)

(SA00001-2; Proteintech, USA) was incubated for 1 h at room temperature.

Biochemistry detection

Serum amylase and serum lipase were determined by serum amylase assay kit (C016-1, Nanjing Jiancheng

Bioengineering Institute, Nanjing, China) and serum lipase assay kit (A054-1, Nanjing Jiancheng Bioengi-

neering Institute, Nanjing, China) according to the manufacturer’s instructions, respectively.

Histologic evaluation of pancreatic injury

Hematoxylin and eosin staining was used to assess pancreatic histology. The pancreatic tissue damage was

assessed according to the Schmidt’s histological scoring system.12,51 Scoring criteria details are as follows:

Acinar necrosis: Absent(0 point), Focal occurrence of 1-4 necrotic cells/HPF(0.5 point), Diffuse occurrence

of 1-4 necrotic cells/HPF(1 point), Same as 1 + focal occurrence of 5-10 necrotic cells/HPF(1.5 points),

Diffuse occurrence of 5-10 necrotic cells/HPF(2 points), Same as 2 + focal occurrence of 11-16 necrotic

cells/HPF(2.5 points), Diffuse occurrence of 1 1-16 necrotic cells/HPF (foci of confluent necrosis) (3 points),

Same as 3 + focal occurrence of > 16 necrotic cells/HPF(3.5 points) , > 16 necrotic cells/HPF (Extensive

confluent necrosis) (4 points).

Transmission electron microscopy (TEM)

Seventy nm ultra-thin sections of pancreatic tissue samples were stained with uranyl acetate and lead cit-

rate. For transmission electron microscope, about 1 mm3 pancreas tissues were fixed in 2.5% glutaralde-

hyde. Pancreas tissues were prefixed after harvesting immediately with 1.5% glutaraldehyde and 0.8%

paraformaldehyde (0.1 mol/L cacodylate buffer) at room temperature and postfixed in an aqueous solution

of 1% OsO4 and 1.5% K4(FeCN)6. Then the specimens were embedded into Epon by routine procedures.

Three fields were randomly selected under electron microscope for application. Pancreatic ultrastructure

were evaluated using a transmission electron microscope (HT7700, Hitachi, Japan) by a single electron

microscopist.

Enzyme-linked immunosorbent assay (ELISA)

Mouse cold-inducible RNA-binding protein ELISA kit (CSB-EL005440MO, CUSABIO, Wuhan, China), TNF-

a ELISA Kit (CSB-E04741m, CUSABIO, Wuhan, China) and IL-1b ELISA kit (CSB-E08054m, CUSABIO, Wu-

han, China) were used to evaluate the levels of CIRP, TNF-a and IL-1b in serum samples.

Selection and synthesis of X-Aptamers

CIRP targeting X-Aptamers were identified in a bead-based selection process using the X-Aptamer selec-

tion kit fromAMBiotechnologies (Houston, TX, USA). The recombinant human CIRP protein (APG886Hu01,

Cloud-Clone Corp, Wuhan, China) was used as the target molecule. Detailed selection protocol:

X-Aptamer oligonucleotides that bound to human CIRP protein were enriched and isolated according

to the X-Aptamer selection protocol.9 The selected X-Aptamer oligonucleotides were amplified into un-

modified oligonucleotides by PCR. The PCR products were subjected to next-generation sequencing

(Ion Torrent PGM, Life Technologies). The sequencing data were analyzed by AM Biotechnologies. Se-

quences with a high frequency of occurrence in selection fractions containing the protein targets when

compared to protocol controls were identified as X-Aptamer candidates (supplemental information:Fig-

ure S5). These X-Aptamer candidates were resynthesized as oligonucleotides consisting of a 42 nt random

region, 5 additional T’s on the 50-end and CCATG on the 30-end by AM Biotechnologies.

NMR structure determination

The structural determination of CIRP was performed in a high salt buffer (300 mM NaCl, 50 mM K2HPO4,

1mM TCEP, pH 6.5). NMR spectra were collected at 300K from Bruker 600MHz (Avance III) spectrometer

equipped with cryo-probes. Spectral assignments were completed using our in-house, semi-automated
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assignment algorithms and standard triple-resonance assignment methodology. NMR titrations were

performed in a buffer (300 mM NaCl, 50 mM KH2PO4, 0.2 mM TCEP, pH 6.5). Unlabeled ssRNA or the

extracellular domain of TLR4 were added to 15N-labeled CIRP (0.5 mM), according to stoichiometric ratio

indicated to perform NMR titration. The peaks experienced most peak broadening effect (ratio< 0.1) are

labeled.52

Isothermal titration calorimetry (ITC)

ITC experiments were performed on a MicroCal PEAQ-ITC Instrument (Microcal) at 25�C using the dialysis

buffer described above. Briefly, 60 mMAptamer or 200 mM of TLR4 in the cell was titrated with 0.5 mM CIRP

in the syringe via 19 injections with 2 mL each at 120 s interval. The raw data were integrated, normalized for

the molar concentration and analyzed using MicroCal PEAQ-ITC Analysis Software.

Administration of XA-CIRP in AP mice

To investigate the therapeutic effects of XA-CIRP in AP mice, XA-CIRP (10 nmol/kg BW) or control was

administered via the tail vein 2 h after the second injection of L-arginine solution in male adult C57BL/

6 J mice. Blood and pancreatic tissue samples were harvested at 72 h after the first injection of

L-arginine (i.e., 69 h after the injection of XA-CIRP). The dose of XA-CIRP was chosen based on a previous

study in which the authors used microRNA 130b-3p to block extracellular CIRP-induced inflammation.11

QUANTIFICATION AND STATISTICAL ANALYSIS

The data in this paper were expressed as means G standard error and analyzed using GraphPad Prism 8

Software. The t-test or one-way ANOVA with the Student-Newman-Keuls test was used to analyze the dif-

ferences between groups. P <0.05 indicates a statistically significant difference.
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