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Targeted molecular imaging of TLR4 in hepatocellular carcinoma
using zwitterionic near-infrared fluorophores
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Background: Tumor-associated macrophages (TAMs) are one of the most abundant immune cell types in
solid tumors and implicated in tumor progression. Toll-like receptor 4 (TLR4) is expressed in TAMs and
plays a key role in immune surveillance and tumor progression. Therefore, molecular imaging of TLR4
has potential not only for detection of TAM-enriched progressing tumors, but also evaluation of TLR4
expression in tumor microenvironment.

Methods: Here, we report that near-infrared (NIR) fluorescence imaging can provide a real-time
imaging of a syngeneic model of murine hepatocellular carcinoma using targeted strategy against TLR4.
We conjugated a zwitterionic NIR fluorophore ZW800-1C with minimal nonspecific tissue interactions
to anti-TLR4 antibody and observed its targetability. The bioconjugates showed high affinity to murine
macrophages in cell culture and in vivo.

Results: Interestingly, we observed predominant NIR signals in the tumor site, which persisted for more
than 48 h after single intravenous administration of the bioconjugate.

Conclusions: This result suggests that TLR4 targeting combined with NIR fluorescence imaging is a
useful tool for cancer imaging. This imaging strategy could be used to detect cancerous tissue with the
increased TAM content and evaluate the status of TLR4 signaling in solid tumors, ultimately impacting on

the diagnostic and prognostic imaging of human cancers.
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Introduction macrophages (TAMs) are predominantly abundant in solid
Growing evidence has demonstrated the importance of tumors and have gained considerable attention because
host immune system in tumor progression (1). Amongst of their critical roles in tumor progression (2,3). Toll-
the immune cells involved in this process, tumor-associated like receptors (TLRs) belong to pathogen recognition

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2019;9(9):1548-1555 | http://dx.doi.org/10.21037/qims.2019.09.04


https://crossmark.crossref.org/dialog/?doi=10.21037/qims.2019.09.04

Quantitative Imaging in Medicine and Surgery, Vol 9, No 9 September 2019 1549

receptors and trigger intracellular signaling cascades in
response to pathogens to evoke the secretion of interferons
and proinflammatory cytokines, resulting in activating
host defense programs necessary for innate or adaptive
immune responses (4). TLR4 is one of the most studied
TLRs expressed in the tumor microenvironment and
widely implicated in its key role in immune surveillance
and tumor progression (5). Molecular imaging of TLR4
therefore represents the potential for diagnostic imaging of
tumor progression as well as functional evaluation of TLR4
signaling in solid tumors.

Liver cancer is one of the most common cancers
worldwide and hepatocellular carcinoma (HCC) is by far
the most common type of primary liver cancer (6). HCC
features an inflammatory background and innate immunity
closely related to the HCC carcinogenesis (6). TLR4 has
been indicated to facilitate the recruitment of regulatory
T-cells and to promote intrahepatic metastasis through
its interaction with macrophages (7). Ablation of TLR4
signaling is considered to be a promising strategy to combat
HCC by reducing liver inflammation and tumorigenesis (8).
Thus, molecular imaging of TLR4 would be a useful tool to
design or optimize therapeutic strategies against HCC.

Here we report a robust strategy for molecular imaging
of TLR4 using a zwitterionic targeted molecule, anti-TLR4
antibody conjugated with nonsticky ZW800-1C, which
provides minimum to no serum binding and nonspecific
tissue background, thus enabling sensitive, specific, and
real-time imaging of liver cancer in a mouse model (9,10)
and has excellent optical properties and high serum stability
in physiological environment (11).

Methods
Bioconjugation of ZW800-1C on anti-TLR4 antibody

The NHS ester form of ZW800-1C (11-13) was conjugated
with TLR4/MD-2 complex monoclonal antibody (MTS510,
Thermo-Fisher Scientific, MA) as previously described (10).
Briefly, 20 nmol of ZW800-1C NHS ester was added to
1 nmol of anti-TLR4 antibody and incubated at room
temperature for 3 h in PBS, pH 7.8. The anti-TLR4
antibody-ZW800-1C (TLR4-ZW800) conjugates were
then purified using a mini Bio-Gel P-6 desalting column
(Bio-Rad, Hercules, CA) and concentrated with a 10,000
molecular-weight cutoff (MWCO) spin column (Vivaspin
500, 10K MWCO). The labeling ratio was calculated based
on the Beer-Lambert law by determining the concentration
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of each compound. Extinction coefficients for the antibody
was 210,000 M 'em™ measured at 280 nm, and ZW800-1C
was 120,000 M'em™ at 765 nm, respectively. The TLR4-
ZW800 was then analyzed for the optical properties using
a UV-Vis-NIR spectrophotometer (USB-ISS-UV/VIS,
Ocean Optics, FL).

Cell labeling with TLR4-ZW 800

RAW?264.7 cells were purchased from ATCC (Manassas,
VA) and grown in DMEM (Mediatech, Hermdon, VA)
supplemented with 10% FBS and gentamicin (50 mg/mL)
in a humidified incubator at 37 °C under 5% CO, in air.
For labeling with TLR4-ZW800, cells were incubated at
37 °C for 60 min in the presence of 2 pM TLR4-ZW800.
For imaging analysis of specific binding of TLR4-ZW800
to the cells, RAW264.7 cells were seeded onto sterilized
glass coverslips in 24-well plates (1x10° cells per well),
incubated with TLR4-ZW800, and observed on a 4-channel
NIR fluorescence microscope with two custom filter sets
(TE2000U, Nikon, Japan) and CCD camera (C4742-80-
12AG, Hamamatsu Photonics, Japan) after gentle washing 3
times with 10% FBS DMEM.

Animal models and intraoperative imaging

Six-week-old male C57BL/6 mice (stock #000664) were
purchased from the Jackson Laboratory (Bar Harbor, ME)
and housed in an AAALAC-certified facility at Massachusetts
General Hospital (MGH). All animal procedures were
performed in accordance with the Public Health Service
Policy on Humane Care of Laboratory Animals and approved
by the MGH IACUC (protocol #2016N000529). Mice were
maintained under anesthesia by intraperitoneally injection
with 100 mg/kg ketamine and 10 mg/kg xylazine (Webster
Veterinary, Fort Devens, MA) for the entire duration of
the experiment. The end of the tail was cut to be enable
blood extraction. Before injection, blood was sampled in
heparinized capillary tubes (Fisher Scientific, Pittsburgh, PA)
as a reference and collected blood was stored in an ice box
to prevent clotting. Mice were then injected with 10 nmol of
each TLR4-ZW800 in saline containing 5 wt/v% BSA and
blood was sampled at the following time points (1, 3, 5, 10,
30, 60, 120, 180, and 240 min) to estimate distribution (z,,,,)
and elimination (¢,/,5) blood half-life values. The collected
blood samples were centrifuged for 20 min at 1,000 g in
order to separate serum and blood plasma, and supernatants
were then filled into capillary microtubes. Fluorescence

Quant Imaging Med Surg 2019;9(9):1548-1555 | http://dx.doi.org/10.21037/qims.2019.09.04



1550

intensities of the microtubes were measured using the in-
house built NIR imaging system. Results were presented as
a bi-exponential decay curve using Prism version 8 software
(GraphPad, San Diego, CA). For biodistribution study, mice
were imaged using the in-house built real-time intraoperative
NIR imaging system. A 760 nm excitation laser source
(4 mW/cm) was used with white light (400-650 nm;
40,000 lux). Color and NIR fluorescence images were
acquired simultaneously with customized software at rates
of up to 15 Hz over a field of view with 15 cm in diameter.
After 4 h post-injection, mice were sacrificed to image organs
and collected urine from the bladder. At least 3 mice were
analyzed for each sample.

In vivo tumor targeting

To establish a syngeneic murine model of liver cancer,
Hepal-6 cells (ATCC) were cultured in DMEM with 5%
FBS and 100 units/mL of penicillin and streptomycin.
C57BL/6 mice were then inoculated subcutaneously
with 1x10” Hepal-6 cells suspended in 150 pL of saline/
Matrigel (50 v/v%) at the right flank. Once the long axis
of the tumor diameter reached at a size of 0.5 ¢cm, 10 nmol
of the TLR4-ZW800 conjugate in saline containing 5%
BSA was injected through tail vein. For real-time NIR
fluorescence imaging, the real-time intraoperative FLARE
imaging system was used (14). Briefly, tumor-bearing mice
were anesthetized with isoflurane and imaged using a prism
based multispectral CCD camera (JAI A/S, Denmark) 1, 2,
4, 6, 24, 48 and 72 h after injection under 760 nm excitation
laser. Alternatively, mice were injected intravenously with
1x10° TLR4-ZW800-labeled RAW264.7 cells in 100 pL
saline and imaged at 1, 2, 4, 6, 24, 48 h post-injection.
For histology, fluorescence microscopy was performed
on a Nikon TE2000 with two custom filter sets (Chroma
Technology, Brattleboro, VT). Upon completion of imaging,
mice were euthanized and major organs were dissected for
fluorescence imaging and histological evaluations.

Quantitative analysis of fluorescence images

The fluorescence and background intensities of a region of
interest over each tissue were quantified using Image]J v1.51
(National Institutes of Health, Bethesda, MD). The SBR

was calculated as follows:

SBR = Lxor

Auto
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where /o, denotes the average intensity of an ROI and
L. represents the intensity of the muscle. The TBR was
calculated using the same formula and /; representing the
intensity of the tumor tissue.

1

T

TBR =

Auto

NIR fluorescence microscopy of tumor sections

Excised liver tumors were trimmed and embedded in OCT
compound. Ten-pm thickness of frozen sections were
cut by a cryostat (Leica, Germany). A part of the serial
sections was stained with hematoxylin and eosin (H&E).
Fluorescence and bright-field images were acquired on the
NIR fluorescence microscope and CCD camera.

Statistical analysis

A one-way ANOVA followed by Tukey’s multiple
comparisons tests was performed on Prism 8 software
(GraphPad, San Diego, CA). Results were presented as
mean = standard deviation (SD) for all the image analyses
on the FLARE system and fluorescence microscopy.

Results and discussion

As shown in Figure 14, the N-hydroxysuccinimide (NHS)
ester form of ZW800-1C was used to yield bioconjugated
anti-TLR-4 antibody (TLR4-ZW800; Figure 1B). After
purification using a membrane filtration column, strong
NIR fluorescence was detectable from ZW800-1C under
the real-time imaging system (Figure 1C) (15). The labeling
ratio of fluorophores on antibody was determined to be
2.47 calculated by absorbance measurements of anti-TLR4
antibody at 280 nm (0.43) and ZW800-1C at 760 nm (1.04)
based on the Beer-Lambert Law (Figure 1D).

"To validate the specific binding of TLR4-ZW800 on the
surface of living cells we used RAW264.7 cells, an established
mouse macrophage cell line reported to constitutively
express TLR4 (16). After 1 h incubation at 37 °C, strong
NIR fluorescence signals were observed in the cytosol of
RAW?264.7 cells, indicating receptor-mediated endocytosis
(Figure S1). We next determined the pharmacokinetics
of TLR4-ZW800 in animal models. 10 nmol of TLR4-
ZW800 was injected intravenously into C57BL/6 mice
and blood was subsequently collected over the period of
4 h using heparinized capillary tubes, followed by image
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Figure 1 Conjugation of anti-TLR4 antibody with ZW800-1C. ZW800-1 NHS ester (A) was conjugated on anti-TLR4 antibody (B,
TLR4-ZW3800) in PBS, pH 7.8. The 3D structure of IgG2a antibody is available in the Protein Data Bank (PDB code: 11GT). (C,D)
Optical property of TLR4-ZW3800 in 5% BSA (10 pM) under the FLARE imaging system (C) and UV-Vis-NIR spectrophotometer (D).
The labeling ratio of ZW800-1 against anti-TLR4 antibody was determined to be 2.47 by using the Beer-Lambert’s Law.

analysis using the FLARE imaging system (12,17,18).
The blood concentration curve shows that TLR4-ZW800
exhibited a two-compartment profile of iz vivo kinetics
(Figure 24). The rapid initial decay of blood concentration
was reflected by the efficient initial distribution into
capillaries, and the final concentrations at 4 h post-
injection reached close to the baseline representing rapid
elimination from the body by the systemic clearance (12).
As shown in Figure 2B, the half-life values of TLR4-
ZW800 are 2.60+0.77 min during the distribution phase
(t1/24), and 72.46£18.59 min for the terminal phase (z,,,).
Other pharmacokinetic parameters including plasma
clearance (0.98 mL/min) and volume of distribution
(3.67 mL) of TLR4-ZW800 after a single intravenous
injection are summarized in Figure 2C. Urinary excretion
of TLR4-ZW800 was also examined under a UV-Vis-NIR
spectrophotometer and determined to be 41.62%=11.57%
ID (injected dose) at 4 h post-injection.

We further studied the biodistribution and clearance
mechanisms of TLR4-ZW800 in C57BL/6 mice using the
FLARE imaging system. The NIR fluorescence signals of
TLR4-ZW800 were mainly located in the liver, spleen, and
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kidneys at 4 h post-injection (Figure S2A4). Consistently,
signal-to-background ratio (SBR; organs vs. muscle) of
resected organs was significantly higher in the liver and
kidneys (Figure S2B), suggesting that TLR4-ZW800 was
removed from blood by myeloid cell compartments in
the liver and renal clearance. This is consistent with the
known distribution of TLR4 (4), which is expressed by all
parenchymal and non-parenchymal cell types in the liver,
especially in the Kupffer cells (19,20). Interestingly, the
NIR fluorescence signals in the mononuclear phagocyte
system (e.g., liver and spleen) were reduced at 24 h
(Figure 3) and 48 h (Figure S3) post-injection. To examine
the distinct contribution of macrophage compartments,
we prepared TLR4-ZW800-labeled macrophages and
further examined their biodistribution and clearance in
C57BL/6 mice (Figure 3). The fluorescence signals in
mice injected with the NIR labeled macrophages were
mainly trapped in the liver and urinary system at 4 h
(Figure S2C). Furthermore, a higher portion of TLR4-
ZW800 macrophages were found in the lungs and spleens
compared to the biodistribution of TLR4-ZW800
(Figure S2). This is consistent with the known distribution
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Figure 2 Pharmacokinetics of TLR4-ZW800. 10 nmol of TLR4-ZW800 was injected intravenously into C57BL/6 mice 4 h prior to
imaging, and their (A) blood concentration (%ID/g) decay, (B) distribution and elimination half-life values, and (C) pharmacokinetic

parameters and urinary excretion were observed (n=3, means + SD).
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Figure 3 Biodistribution and clearance of TLR4-targeted conjugates at 24 h post-injection. TLR4-ZW800 or TLR4-ZW800-labeled

macrophages were injected intravenously into C57BL/6 mice, and their NIR fluorescence signals were observed at 24 h post-injection under

NIR imaging. (A) NIR imaging of resected tissues and organs; (B) signal-to-background ratio (SBR) was calculated by comparing the signals

of major organs against surrounding muscle; (C) NIR imaging of abdominal cavity of mice. Scale bars =5 mm. At least 3 mice were analyzed

for each sample. Error bars show means = SD. Bl, bladder; Du, duodenum; He, Heart; In, intestine; Ki, kidneys; Li, liver; Lu, lungs; Mu,

muscle; Pa, pancreas; Sp, spleen.

of macrophages in the mononuclear phagocyte system (21),
where liver macrophages and, to a lesser degree, spleen
macrophages have been identified as a major factor for
the undesirable uptake and clearance of intravenously
injected nanomedicines (22). This result indicates that liver
is responsible for predominant macrophage uptake and
phagocytic activities. Together, TLR4-targeted conjugates
are taken up by macrophages in the competing organs (liver)
systemically upon intravenous administration, of which
biodistribution reflects the localization of TLR4-positive
macrophages i vivo.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

TAMs are one of the most abundant cell types found
in the tumor microenvironment of solid tumors (2). To
determine if TLR4-targeting strategy leads to efficient
tumor imaging, we injected TLR4-ZW800 intravenously
into a syngeneic mouse model of liver cancer and
performed real-time intraoperative NIR imaging up to
48 h post-injection (Figures 4,53). We observed strong
NIR fluorescence signals in the tumor graft after 1 h
post-injection, which increased over the time period of
observation. The tumor signal reached a maximum at
48 h post-injection, suggesting that liver cancer could
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Figure 4 Tumor-targeting with TLR4-ZW800 in a syngeneic mouse model of liver cancer. (A) TLR4-ZW800 (top) or TLR4-ZW800-

labeled macrophages (bottom) were injected intravenously into tumor-bearing mice, and their NIR fluorescence signals were observed at

1, 2, 4, 6, 24, and 48 h post-injection. Arrows indicate tumor grafts in the flank. (B) Tumor-to-background ratio (TBR) was quantified by

comparing the tumor signals against surrounding muscle. (C) NIR imaging and (D) TBR of resected tumors at 24 and 48 h post-injection of

TLR4-ZW800. At least 3 mice were analyzed for each sample. Error bars show means + SD. Scale bar =3 mm. Mu, muscle; tu, tumor.

be efficiently targeted using a single bolus injection of
TLR4-ZW800. To examine the distinct contribution of
macrophage compartments to the signal, we also injected
TLR4-ZW800-labeled macrophages into tumor-bearing
mice. Interestingly, the fluorescence signal increased up
to 6 h post-injection and gradually decreased over 48 h of
imaging period because of increased uptake in the liver
and kidneys (Figure S3C). Then, tumors were resected
and imaged under the NIR imaging system (Figure 4C).
Consistent with the intraoperative NIR imaging results,
fluorescence signals from the resected tumor at 24 and 48 h
post-injection were significantly higher than that of muscle
(TBR 26) (Figure 4D). We further investigated signal
distribution in the resected tumoral tissue under the NIR
fluorescence microscope (Figure S4). The signal of resected
tumors was predominantly observed in the boundary of
tumoral regions at 24 h post-injection and spread out
intratumorally at 48 h post-injection. This result indicates
that the conjugate was taken up by peritumoral region first,
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which received a relatively ample volume of blood flow
than blood flow-poor tumor core (23). Together, these data
confirm that molecular targeting TLR4 combined with
NIR imaging would be a useful tool for cancer imaging.

Conclusions

In the study, we demonstrated NIR fluorophore-conjugated
anti-TLR4 antibody mediated TAM-specific targeting in
a syngeneic mouse model of liver cancer. Since TAMs and
TLR4 signaling play a critical role in HCC progression
and pathogenesis, our findings suggest that this strategy
could be useful for not only cancer diagnosis, but also
evaluation of inflammatory milieu of HCC, and, ultimately
suppression of tumor progression. Additionally, since
macrophage-mediated drug delivery system has been
gaining an interest as a novel strategy for cancer treatment
(24,25), intraoperative fluorescence imaging can facilitate
the diagnosis, prognosis, and treatment of various human
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cancers. This imaging strategy combined with targeted
agents might contribute to improve the sensitivity and
specificity of the inflammatory status of solid tumors and
their prognoses. In conclusion, targeted molecular imaging
of TLR4 using a zwitterionic fluorophore ZW800-1C
robustly detected TAM-enriched hepatocellular carcinoma
after single intravenous administration of the targeted
molecular probe under NIR fluorescence imaging. This
imaging strategy could be broadly used to detect cancerous
tissue with the increased TAM content and evaluate the
status of TLR4 signaling in solid tumors.
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Supplementary

Brightfield image NIR image

Figure S1 In vivo evaluation of the targetability of the TLR4-ZW800 conjugate. The binding of TLR4-ZW800 to TLR4 was evaluated
using mouse RAW264.7 cells in culture. The NIR fluorescent signals were found in the cytosol of RAW264.7 cells, indicating the

involvement of receptor-mediated endocytosis. Scale bar =100 pm.
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Figure S2 In vivo biodistribution and clearance of the TLR4-targeted conjugates at 4 h post-injection. TLR4-ZW800 or TLR4-ZW800-
labeled macrophages were injected intravenously into C57BL/6 mice, and their NIR fluorescence signals were observed at 4 h post-
injection. (A) NIR imaging of resected major tissues and organs; (B) signal-to-background ratio (SBR) was calculated by comparing the
signals of resected tissue against muscle; (C) intraoperative NIR imaging of abdominal cavity of mice. At least 3 mice were analyzed for each
sample. Error bars show means + SD. Bl, bladder; Du, duodenum; He, Heart; In, intestine; Ki, kidneys; Li, liver; Lu, lungs; Mu, muscle; Pa,

pancreas; Sp, spleen.
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Figure S3 In vivo biodistribution and clearance of the TLR4-targeted conjugates at 48 h post-injection. TLR4-ZW800 or TLR4-ZW800-
labeled macrophages were injected intravenously into C57BL/6 mice, and their NIR fluorescence signals were observed at 48 h post-
injection. (A) NIR imaging of resected major tissues and organs; (B) SBR was calculated by comparing the signals of the resected major
tissue against muscle; (C) intraoperative NIR imaging of abdominal cavity of mice. At least 3 mice were analyzed for each sample. Error
bars show means + SD. Abbreviations used are: Bl, bladder; Du, duodenum; He, Heart; In, intestine; Ki, kidneys; Li, liver; Lu, lungs; Mu,

muscle; Pa, pancreas; Sp, spleen.
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H&E image NIR fluorescence H&E image NIR fluorescence

Figure S4 Histological analysis of uptake of the TLR4-targeted conjugates in the tumor. TLR4-ZW800 was injected intravenously
into tumor-bearing mice 24 and 48 h prior to resection. H&E staining and NIR fluorescence of resected tumors were imaged under the

multichannel NIR fluorescence microscope. Scale bar =200 pm.
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