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Abstract— Sepsis caused by a dysregulated host response to infection is a life-threatening disease 
that can lead to organ dysfunction. Due to its unclear and complex mechanism, effective medi-
cine for the treatment of sepsis is urgently required. The extensive release of cytokines and other 
mediators like TNF-α and interleukin-6 (IL-6) play critical roles in the development of sepsis. 
The present study aims to evaluate the potential protective effects of an anti-TNF-α/HSA/IL-6R 
triple-specific fusion protein (TAL-6) under septic experimental conditions. The anti-TNF-α/
HSA/IL-6R triple-specific fusion protein (TAL-6), which links three published single domain 
antibodies, was designed and constructed in our lab. High purity fusion proteins were obtained 
with high binding affinity for TNF-α (94.75 pM), human serum albumin (1.83 nM) and IL-6R 
(2.29 nM). TAL-6 protected mouse fibroblast fibrosarcoma cells (L929) from apoptosis induced 
by TNF-α, establishing that the expressed fusion proteins can selectively interact with TNF-α 
in vitro. In vivo, the survival rate of cecal ligation and puncture (CLP) was notably increased 
in the group with TAL-6 treatment and significantly higher compared with the single-targeted 
IL-6R and TNF-α fusion protein at the same dose. After treatment with TAL-6, the serum 
levels of TNF-α, IL-1β, and IL-6 were significantly decreased, and sepsis-induced pathological 
injuries in the kidney were remarkably attenuated. TAL-6 is therefore a potential candidate for 
the development of new drugs against sepsis in human.
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INTRODUCTION

Sepsis constitutes a major healthcare problem and is 
expected to increase due to an aging population. In 2017, 
WHO recognized that sepsis was a global health priority 
[1]. Sepsis is one of the most severe diseases caused by 
a dysregulated host response to infection [2, 3]. Recent 
studies have demonstrated that the extensive release of 
cytokines and other mediators play critical roles in the 
development of sepsis [4]. During the pathogenesis of 
sepsis, inflammatory cells are stimulated to produce 
various inflammatory mediators, leading to the damage, 
dysfunction, and even exhaustion of multiple organs, and 
about 50% of sepsis cases exhibit myocardial dysfunc-
tion [4].

The cytokine network is activated to produce a large 
number of cytokines closely related to the development of 
inflammation in sepsis patients [4, 5]. Among the inflam-
matory mediators involved, tumor necrosis factor alpha 
(TNF-α) is the closest mediator of the cytokine cascade. 
Serum TNF-α levels increase within 1–2 h after injec-
tion of endotoxin that may be involved in sepsis [1, 5, 
6]. Secreted TNF-α is an essential mediator of inflam-
mation and induces marked vasodilatation leading to tis-
sue hypoperfusion, shock, and organ failure. Based on 
this, TNF-α may be an important target that the pharma-
ceutical industry could develop antibodies or molecules 
against to treat sepsis. However, clinical trial results to 
date have not been ideal.

Interleukin-6 (IL-6) is produced as a prominent acti-
vator of the acute phase response with extensive biological 
activities [7, 8]. The plasma half-life of IL-6 is longer than 
other inflammatory factors such as TNF-α or IL-1β [9]. 
When the level of TNF-α in the plasma of patients with 
sepsis significantly decreases, the concentration of IL-6 
significantly increases [10]. A link between high IL-6 lev-
els and mortality in septic patients [6] has been found in 
the previous studies. Therefore, IL-6, widely accepted as a 
valuable biomarker for evaluating therapeutic response and 
the prognosis of sepsis [5], can be employed as a potential 
therapeutic target in the clinical treatment of sepsis.

Here, we constructed a triple-specific fusion pro-
tein (TAL-6) composed of published single domain anti-
TNF-α, anti-human serum albumin (HSA) and anti-IL-6R 
antibodies. Different from other conventional single-chain 
Fv (scFv) antibodies from human IgGs, the single domain 
antibody derived from the natural camel heavy-chain only 
antibodies (HCAbs) [11, 12] presents superior features, 
including lower molecular weight, increased stability, high 

affinity, easy recombinant expression preparation, less 
immunogenicity, and better solubility [12, 13]. Addition-
ally, the CDR3 of the single domain antibody is longer, 
which makes it more flexible in binding to the antigen. This 
structural feature allows the single domain antibody to bind 
to the recessed hidden epitopes of the antigen, such as the 
hidden epitopes of viruses and enzyme activation sites 
[14], or receptor protein molecule sites [15]. These char-
acteristics allow it to play an important role in microscopy, 
structural biology, medical diagnosis, drug delivery, and 
disease treatment. Furthermore, recombinant fusion pro-
teins can be easily constructed by different single domain 
antibodies allowing the resultant fusion protein to target one 
or two antigens at the same time. The anti-TNF-α/ HSA/
IL-6R fusion protein (TAL-6) binds to the TNF-α and IL-6 
receptors and to human serum albumin (HSA), leading to 
significantly increased half-life of fusion protein in vivo and 
blockage of cytokines at anatomical sites [16]. The present 
study aimed to explore the potential associations of the 
functions of TNF-α and IL-6 being blocked simultaneously 
by TAL-6 under experimental septic condition and to inves-
tigate the therapeutic effects of TAL-6 in vitro and vivo.

MATERIALS AND METHODS

Preparation of Anti‑TNF‑α/HSA/IL‑6R 
Triple‑Specific Fusion Protein

The gene synthesis of the anti-TNF-α/HSA/IL-6R 
triple-specific fusion protein (TAL-6) based on the 
sequence information of patents US2010/0172894 and 
US2012/0093839 was completed by Shanghai Geng-
ray Biotech Co., Ltd. The synthetic gene fragment was 
inserted into the corresponding position of pET-28a/
NcoI/XhoI and named pET28a-TAL-6 fusion protein. 
One hundred nanograms of the pET28a-TAL-6 plas-
mid was transformed into competent E. coli.BL21(DE3) 
cells (Beijing Quanshijin Biotechnology Company) by 
heat shock. Recombinant cells from 50 mL of culture 
were harvested by centrifugation at 10,000 g for 10 min, 
and the pellet was resuspended in a 5-mL TGE buffer 
(50 mM Tris pH 7.9, 0.5 mM EDTA, 50 mM NaCl, 5% 
glycerin), then ultrasonic crushed on ice for 30 min. 
The fusion proteins fused with His-tag were expressed 
and purified using BeaverBeads™ IDA-Nickel (Suzhou 
Beaver Bioengineering Company) and desalted with 
Äkta (GE Healthcare, USA). The purified fusion protein 
was analyzed by 10% SDS-PAGE.
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Anti‑TNF‑α/HSA/IL‑6R Triple‑Specific Fusion 
Protein Specificity Analysis

Plates were first coated with IL-6R (1 μg·mL−1), 
TNF-α (1 μg·mL−1), and HSA (human serum albu-
min, 1 μg·mL−1) at 4 °C overnight (diluted in 0.1 M 
Na2CO3-NaHCO3 buffer, pH 9.6). The next day, the 
plates were washed 3 times with PBST (0.05% Tween-
20 in PBS) and blocked for 2 h with 100 μL 1% BSA-
PBS. The fusion protein diluent was added at various 
final concentrations after 3 washes and incubated for 
1 h at 37 °C. Fifty microliters rabbit IgG anti-His-tag 
(CST, USA) was added and incubated for another hour. 
The plates were washed 3 times, and then 50 μL goat 
anti-rabbit IgG-HRP antibody (CST) was added and 
incubated for another hour. After washing, a total of 
100 μL of reaction buffer (5 mg O-phenylenediamine, 
10 μL H2O2, 5 mL citric acid-Na2HPO4) was added into 
the wells. The reaction was stopped by 2 M H2SO4 after 
10 min. Absorbance was measured at 492 nm on an 
ELISA plate reader (Bio Tek, USA).

Cell‑Based Functional Assays of Anti‑TNF‑α/
HAS/IL‑6R Triple‑Specific Fusion Proteins 
In Vitro

Murine L929 fibroblast cells (Shanghai Institute of 
Cell Biology, Chinese Academy of Sciences) were cul-
tured in 1640 medium (Gibco, USA) supplemented with 
10% FBS (Gibco, USA). Approximately 12,000 cells 
were seeded in each well of a 96-well plate and incu-
bated for 24 h at 37 °C under a humidified atmosphere 
and 5% CO2. The reaction mixtures were prepared using 
TNF-α (0.15 nM) and various concentrations of purified 
TAL-6 (ranging from 0.032 to 32 nM) in the presence of 
actinomycin (1 mg·mL−1). The mixtures were incubated 
on ice for 10 min and then added onto the previously 
L929 seeded wells for 12-h treatment. Twenty microliters 
of MTT (5 mg/mL) was added to each well and the plates 
were kept in the incubator for an additional 4 h. The 
supernatant was discarded, and 150 μL of dimethyl sul-
foxide was added onto wells with incubation for 40 min 
at room temperature with agitation. The absorbance was 
measured at 570 nm, and the achieved results were fit by 
a dose–response inhibition curve in Prism (version 5.01, 
GraphPad Software Inc.).

For apoptotic cells analysis, L929 cells were treated 
with the same methods mentioned above. After incuba-
tion for 12 h, the supernatant was discarded. The plates 

were washed with PBS. One hundred microliters of PBS 
and 5 μL of PI (propidium iodide) were added to each 
well and incubated for 45 min at 37 °C. The L929 cells 
were then fixed in 4% paraformaldehyde for 15 min. The 
plates were washed, and 100 μL of PBS and 5 μL of DAPI 
(4′,6-diamidino- 2-phenylindol) were added to each well 
at room temperature for 30 min. After staining, the cells 
were imaged and analyzed using an Operetta™ High 
Content Screening instrument with Harmony™ software 
version 3.5.2 (PerkinElmer, Waltham, MA, USA) and dif-
ferent excitation/emission channels.

Therapeutic Effect of Anti‑TNF‑α/HSA/IL‑6R 
Triple‑Specific Fusion Protein on CLP Sepsis 
Model Rats

Specific pathogen free (SPF) male Sprague–Dawley  
rats, weighing 180–200  g, were supplied by Fujian 
Medical University Animal Center (Fuzhou, China). The 
rats were housed in Fujian Medical University Animal 
Center, with free access to food and water, under a light/
dark (12 h/12 h cycle) at a temperature of 20–23 °C. The 
rats were acclimatized for more than 7 days before the 
experiments.

Rats were anesthetized with 2% pentobarbital 
sodium (40 mg·kg−1, i.p.) and received a laparotomy 
in the middle of the abdomen. The cecum was isolated 
and ligated using a 3–0 silk, then punctured twice with 
an 18-gauge needle. The fecal material was expelled by 
gently squeezing. In sham-operated rats, the cecum was 
isolated, but neither ligated nor punctured. The cecum was 
returned, and the wound was then closed. After surgery, 
3 mL/100 g prewarmed saline was given intraperitoneally 
for fluid resuscitation. Rats were divided into 7 groups 
(n = 8): (1) sham group, (2) CLP model group, (3) low 
dose of TAL-6 group (CLP + TAL-6 1 mg·kg−1), (4) mid-
dle dose of TAL-6 group (CLP + TAL-6 5 mg·kg−1), (5) 
high dose of TAL-6 group (CLP + TAL-6 10 mg·kg−1), (6) 
anti-TNF-α fusion protein 5 mg·kg−1 group, and (7) anti-
IL-6R fusion protein 5 mg·kg−1 group. The drugs were 
intravenously injected half an hour later after operation. 
Meanwhile, the sham group and the CLP model group 
were given the same saline intravenously. Seventy-two 
hours after surgery, rats were scarified, and the blood was 
collected. Left kidneys were harvested and fixed in 4% 
paraformaldehyde overnight. Right kidneys were har-
vested and frozen in liquid nitrogen for molecular bio-
logical examinations.
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Survival Analysis and Blood Urea Nitrogen 
Examinations

For survival analysis, after surgery, the survival 
status of each group of rats was observed every 12 h 
and recorded. The levels of creatinine and BUN were 
examined using commercial kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China), according 
to the manufacturer’s instructions.

Hematoxylin–Eosin Staining

Kidney tissues were rinsed with ice-cold saline 
solution and fixed with paraformaldehyde (4%), embed-
ded in paraffin, and cut into 5-mm sections. Then, all 
sections were stained with HE and photographed under 
an optical microscope with 20 × magnification.

Enzyme‑Linked Immunosorbent Assays

The levels of TNF-α, IL-6, and IL-1β were 
detected with commercial kits following the manufac-
turer’s instructions (ELISA kits of TNF-α, IL-6, and 
IL-1β from Shanghai enzyme linked Biotechnology 
Co., Ltd, Shanghai, China).

Quantification of Inflammatory Mediator mRNA Levels 
by Real‑Time PCR

Total mRNA was isolated using an RNA simple 
Total RNA Kit (Tianmo Biotech, Beijing, China). 
The concentration of mRNA was determined using 
a NanoDropND-2000 spectrophotometer (Thermo 
Scientific, Wilmington, DE, USA). Single-stranded 
cDNA was synthesized using oligonucleotide primer 
and super M-MLV (Takara, Japan) in a 20-μL reaction 
system. Quantitative real-time PCR was performed on 
1-μL cDNA using the 2 × TB Green Premix Ex Taq II 
(TliRNaseH Plus) (Takara) in a 20-μL reaction system 
in a PCR System (Exicycle 96, Bioneer, Taejon, Korea). 
The synthesis and purchase of primers were completed 
by Biosune Biotech Co., Ltd. Relative gene expression 
was normalized to GAPDH and calculated using the 
2ΔΔCt method. The following primers were used:

IL-1β primer sequences were forward 5′-TGG​
AGA​AGC​TGT​GGC​AGC​TACCT-3 ′ and reverse 
5′-GAA​CGT​CAC​ACA​CCA​GCA​GGTT-3′

IL-6 primer sequences were forward 5′-GCC​AGA​
GTC​CTT​CAG​AGA​GA-3′ and reverse 5′-GGT​CTT​GGT​
CCT​TAG​CCA​CT-3′

TNF-α primer sequences were forward 5′-AGT​
GAC​AAG​CCT​GTA​GCC​CACGT-3′ and reverse 5′-CCA​
TCG​GCT​GGC​ACC​ACT​AGTT-3′

GAPDH primer sequences were forward 5′-GTG​
AAG​GTC​GGT​GTG​AAC​G-3′ and reverse 5′-CTC​GCT​
CCT​GGA​AGA​TGG​TG-3′

Statistical Analysis

All data are expressed as means ± SD. One-way 
ANOVA followed by Bonferroni’s multiple comparison 
test using GraphPad software was used for comparisons 
among experimental groups. A p-value of less than 0.05 
was considered statistically significant.

RESULTS

The Preparation of Anti‑TNF‑α/HSA/IL‑6R 
Triple‑Specific Fusion Protein 

The cDNA encoding the recombinant anti-TNF-α/
HSA/IL-6R triple-specific fusion protein (TAL-6) was 
made synthetically based on the sequence information of 
patents US2010/0172894 and US2012/0093839. The 3D 
structure of TAL-6 was mimicked by SWISS-MODEL 
(Fig. 1A). The inserts were ligated into the multiple clon-
ing sites region downstream of the pET28a + vector using 
EcoRI/NotI restriction sites. Colony PCR results showed 
that the size of the amplified gene fragment was 1600 bp 
(Fig. 1B) when the plasmid of TAL-6 was successfully 
transformed into competent cells BL21(DE3). The fusion 
protein was expressed and analyzed by 10% SDS-PAGE 
(Fig. 1C), indicating that TAL-6 is expressed in E. coli 
inclusion bodies [17]. The inclusion bodies were purified 
by BeaverBeads™ IDA-Nickel (Fig. 1D) and desalted 
with Äkta (Fig. 1E). The purity of TAL-6 reached 95%. 

Binding Capacity Analysis of Anti‑TNF‑α/HSA/IL‑6R 
Triple‑Specific Fusion Protein

As shown in Fig.  1F, TAL-6 was able to bind 
TNF-α, HSA, and IL-6R in a dose-dependent manner. 
The results indicate that the EC50 values of TAL-6 were 
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94.75 pM for TNF-α, 1.83 nM for has, and 2.29 nM for 
IL-6R.

Inhibition of TNF‑α by Anti‑TNF‑α/HSA/IL‑6R 
Triple‑Specific Fusion Proteinin vitro

The MTT results (Fig. 2A) showed that TAL-6 
inhibits TNF-α cytotoxicity in L929 cells in a dose-
dependent manner with an IC50 value of 19.6  pM. 
DAPI/PI staining was employed to observe the effects 
of TAL-6 on apoptosis of L929 cells induced by TNF-
α. Under a fluorescence microscope, the negative con-
trol group showed uniform blue fluorescence, and the 
nuclei treated with TNF-α were evenly colored red by PI 
(Fig. 2B). The results of cell death by high-content analy-
sis showed that the control group had an apoptotic rate 
of 3.40 ± 0.77%, which was significantly different from 
the rate of 79.45 ± 5.89% of the TNF-α (2 ng/mL) group 
(P < 0.001). The apoptotic rates of the TAL-6-treated 
groups (32 nM, 3.2 nM, 0.32 nM) were 8.66 ± 4.93%, 

8.93 ± 2.16%, and 64.89 ± 4.69%, respectively. These 
results indicate that TNF-α can induce apoptosis of L929 
cells and that TAL-6 treatment effectively reduces the 
rate of TNF-α-induced apoptosis of L929 cells in a dose-
dependent manner (Fig. 2C).

TAL‑6 Significantly Alleviates CLP‑Induced Sepsis

As demonstrated in Fig. 3A, the survival rate in the 
sham group was 100%, while the survival rate of the CLP 
group decreased to 10% within 72 h. Different doses of 
TAL-6 in the intervention groups improved the survival 
rate of rats within 72 h. The survival rate was 60% in 
the 5 mg·kg−1 group and 30% in the 1 mg·kg−1 group. 
The 10 mg·kg−1 group showed the most significant dif-
ference with a 70% survival rate. Moreover, compared 
with the single-targeted IL-6R or TNF-α fusion proteins 
constructed in-house, TAL-6 displayed the higher sur-
vival rate at the same dose.

Fig. 1   The preparation of anti-TNF-α/HSA/IL-6R triple-specific fusion protein TAL-6. (A) 3D structure of an anti-TNF-α/HSA/IL-6R triple-spe-
cific fusion protein TAL-6 simulated by SWISS-MODEL. (B) Colony PCR of TAL-6. (C) The expression product of TAL-6. Lane M, marker; 
lane 1: BL21(DE3); lane 2: BL21(DE3)/TAL-6, lane 3: supernatant; lane 4: sediment. (D) The process of purification. Lane M, marker; lane 1: 
BL21(DE3); lane 2: BL21(DE3)/TAL-6, lane 3: supernatant; lane 4: sediment, lanes 5–6: washed IBs, lane 7: renaturation protein, lane 8: further 
purified protein by one-step BeaverBeadsTM IDA-Nickel, lane 9: desalting. (E) Desalting with Äkta. (F) Binding capacity analysis of TAL-6.
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As shown in Fig. 3B, compared with the sham 
group, the expression level of serum urea nitrogen 
(BUN) in the CLP group increased significantly 
(P < 0.001). The expression levels of BUN were 
significantly decreased in the single-targeted IL-6R 
or TNF-α fusion protein-treated group and the TAL-6 
treated groups (P < 0.05, P < 0.01, and P < 0.001, 
respectively) compared with the CLP group. The same 
dose of TAL-6 downregulated BUN expression more 
prominently.

TAL‑6 Inhibits Inflammatory Mediators in the Serum 
of Septic Rats

Cytokines, including IL-1β, IL-6, and TNF-
α, have been identified as key mediators of sepsis. In 
our experiment, these biomarkers were selected to 
demonstrate the therapeutic effects of TAL-6 against 
sepsis (Fig.  3C–E). Satisfactorily, TAL-6 treatment 
significantly reduced these inflammatory mediators in 
a dose-dependent manner. The single-targeted IL-6R 

Fig. 2   Inhibition of TNF-α cytotoxicity using TAL-6. (A) MTT assay for the abilities of TAL-6 to inhibit TNF-α activity. (B) Cells were cul-
tured with 2 ng/mL TNF-α and 10 µg/mL actinomycin D in the presence of TAL-6 (32 nM, 3.2 nM, 0.32 nM, 0.032 nM), and then the cells were 
processed for DAPI/PI double stain assay. DAPI was used to stain the nuclei. PI was used to stain apoptotic cells. Images were taken under a fluo-
rescent microscope (DAPI/PI at × 10). a. control, b. TNFα, c. TNF-α + 32 nM TAL-6, d. TNF-α + 3.2 nM TAL-6, e. TNF-α + 0.32 nM TAL-6, f. 
TNF-α + 0.032  nM TAL-6. (C) Apoptosis rate analysis. All data are represented as means ± SD, *P < 0.05, **P < 0.01, ***P < 0.001 vs. TNF-α 
group, ###P < 0.001 vs. the control group.
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or TNF-α fusion protein also had downregulated these 
cytokines, although the effects were significantly weaker 
than those of TAL-6 at the same dose.

TAL‑6 Alleviates Histopathological Lesions 
in the Kidneys of CLP Rats

Acute kidney injury (AKI) is a serious complication 
of sepsis which occurs frequently, particularly in the 
elderly. The kidneys of different groups of rats were 
collected for histopathological analysis. In the sham 
operation group, the structure of the renal tubules and 
glomeruli was normal, with no damage (Fig. 4A). The 
histopathological changes of the CLP group, including 
marked interstitial hemorrhage, renal proximal tubular 
congestion, edema, necrosis, and exfoliated cells were 
visible (Fig. 4B). In contrast, these lesions were obviously 
attenuated in a dose-dependent manner in the groups 

treated with TAL-6 (Fig. 4C–E), and minimal lesions 
were seen in CLP rats treated with 10 mg/kg of TAL-6 
(Fig. 4E). The histologic features were less severe and 
extensive in the rats treated with single-targeted TNF-α 
(Fig. 4F) or IL-6R (Fig. 4G) fusion proteins, through the 
effects were significantly weaker than those of TAL-6 at 
the same dose. The bar graph shows that all the treatment 
groups had a therapeutic effect compared to CLP group.

Pro-inflammatory cytokine levels were also 
detected in the kidney tissue. Compared with the sham 
operation group (P < 0.01), the levels of TNF-α, IL-1β, 
and IL-6 in the CLP group were significantly increased, 
while the fusion protein group was significantly 
decreased (Fig. 4H). TAL-6 (10 mg·kg−1 and 5 mg·kg−1) 
administration markedly decreased all three cytokines 
(P < 0.01, P < 0.01 vs. CLP). As shown in Fig. 4I, mRNA 
levels of IL-1β, TNF-α, and IL-6 in the CLP group were 
significantly elevated compared with the sham group. 

Fig. 3   TAL-6 significantly alleviates CLP-induced sepsis. (A) Survival proportions of septic rats. (B) The expression levels of key inflammatory-
related mediators in the serum of septic rats after treatment. Serum was collected after the sacrifice of rats and analyzed by commercial ELISA kits. 
The concentration is represented by bar graphs. (C) IL-6, (D) TNF-α, (E) IL-1β. All data are represented as means ± SD, *P < 0.05, **P < 0.01, 
***P < 0.001 vs. CLP group, ###P < 0.001 vs. sham group.
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All fusion protein-treated groups exhibited decreased 
expression levels of these inflammatory mediators, and 
TAL-6 remarkably inhibited the expression of these genes 
in a dose-dependent manner.

DISCUSSION

Sepsis caused by the host response to infection 
is a life-threatening condition that leads to organ dys-
function and that can significantly extend the length 
of hospitalization of patients [18, 19]. However, the 
underlying mechanisms of sepsis are complicated 
and still unclear, and thus the clinical treatment of 
sepsis lacks effective tools. It is widely accepted that 
the extensive release of cytokines and other media-
tors like TNF-α and IL-6 are valuable biomarkers in 
septic condition, which can be employed not only 
to evaluate the prognosis of sepsis [6], but also as 
therapeutic targets for the development of medicine 
to treat sepsis.

Serum TNF-α concentration in human sepsis is ele-
vated significantly at the beginning of the disease, though 
with a short half-life [20]. The TNF-α response is likely 
the result of predominantly local production and the pres-
ence of circulating inhibitors. When the level of TNF-α 
decreased in patients, other mediators like IL-6 change 
notably. IL-6 considered a pro- and an anti-inflammatory 
cytokine that is important for sepsis diagnosis and moni-
toring [9] — physiologically normal levels of IL-6 are 
in the range of 5–25 pg/mL, but these levels increase to 
1000 pg/mL in patients with sepsis [21]. IL-6 enhances 
mitochondrial biogenesis and survival in astrocytes in 
septic conditions and engages in pro-survival activities 
through the IL-6/AMPK signaling pathway [22].

In this study, we first constructed a triple-specific 
fusion protein (TAL-6) by linking 3 single domain anti-
bodies, anti-TNF-α/HSA/IL-6R, which simultaneously 
block the functions of TNF-α and IL-6 under the sep-
tic experimental conditions. The anti-serum albumin 
(HSA) moiety single-domain antibody in TAL-6 extends 
the half-life of the fusion protein in vivo to improve its 

Fig. 4   TAL-6 alleviates histopathological lesions in septic rats. (A) Sham, (B) CLP, (C) CLP + TAL-6 1 mg·kg−1 (D) CLP + TAL-6 5 mg·kg−1, (E) 
CLP + TAL-6 10 mg·kg−1, (F) CLP + anti-TNF-α 5 mg·kg−1, (G) CLP + anti-IL-6R 5 mg·kg−1. TAL-6 downregulates the expression of inflamma-
tory cytokines in the kidney of CLP group. (H) IL-6, TNF-α and IL-1β expression, **P < 0.01, ***P < 0.01 vs. CLP group, ###P < 0.001 vs. sham 
group. (I) TAL-6 decreases mRNA levels of inflammatory mediators in the kidney: relative mRNA of IL-6, relative mRNA of TNF-α and relative 
mRNA of IL-1β, *P < 0.05, **P < 0.01, ***P < 0.01 vs. CLP, ###P < 0.001 vs. sham group. Scale bars, 50 μm (a–g).
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pharmacokinetic behavior [16]. Based on this new prokar-
yotic expression system developed in our lab, the triple-
specific fusion protein allows for efficient expression of 
a soluble and stable molecule in E. coli in large quan-
tities with purity over 95% and without compromising 
its properties. The TAL-6 fusion protein produced with 
this method displayed high binding affinity with TNF-α 
(94.75 pM), HSA (1.83 nM), and IL-6R (2.29 nM), ana-
lyzed by ELISA binding assay. In vitro, TAL-6 protects 
L929 cells from apoptosis induced by TNF-α with high 
efficiency.

In our CLP septic model rats, the serum levels of sep-
sis biomarkers TNF-α, IL-1β, and IL-6 were significantly 
increased, indicating that sepsis had been initiated. After 
intervention treatment with TAL-6 alone, the survival rate 
of CLP rats was significantly increased compared with the 
10% survival rate of CLP rats within 72 h. Compared with 
the single-targeted IL-6R or TNF-α fusion proteins, the same 
dose of TAL-6 increased the survival rate of CLP more sig-
nificantly. Meanwhile, serum urea nitrogen (BUN), TNF-α, 
IL-1β, and IL-6 collected from different CLP groups showed 
that TAL-6 decreases the levels of cytokine mediators more 
than monospecific fusion proteins at the same concentration, 
supplying more evidence to support that TAL-6 has more 
potential as an effective treatment for sepsis.

Sepsis is a life-threatening condition caused by a 
dysregulated host response to infection where several 
organs, specifically the heart, lungs, and kidney, can be 
seriously damaged [2]. In our experiments, kidneys col-
lected from the CLP group displayed histopathological 
changes including marked interstitial hemorrhage, renal 
proximal tubular congestion, edema, necrosis, and exfoli-
ated cells. With TAL-6 treatment, the lesions were sig-
nificantly attenuated based on histopathological analysis 
compared to the untreated CLP group. Levels of TNF-α, 
IL-1β, and IL-6 detected in the kidney tissue by ELISA 
assays and by RT-PCR were significantly decreased in the 
TAL-6-treated CLP groups.

In conclusion, we showed that TAL-6 presented 
potent therapeutic effects in an animal model of sepsis, 
indicating that simultaneously blocking the bioactivities 
of important inflammatory mediators, such as TNF-α 
and IL-6, is a potential additional treatment method that 
can be deployed along with antibiotic drugs during clini-
cal treatment of sepsis. Continued studies in this direc-
tion with animal experiments and clinical trials have the 
potential to shed more light on possible avenues for the 
treatment for sepsis.
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