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Abstract

Objective—Lymph node metastases are a poor prognostic factor. Additionally, responses of
lymph node metastasis to therapy can be different from the primary tumor. Investigating the
physiologic lymph node blood vasculature might give insight into the ability of systemic drugs to
penetrate the lymph node, and thus into the differential effect of therapy between lymph node
metastasis and primary tumors. Here, we measured effective vascular permeability of lymph node
blood vessels and attempted to increase chemotherapy penetration by increasing effective vascular
permeability.

Methods—We developed a novel three-dimensional method to measure effective vascular
permeability in murine lymph nodes in vivo. VEGF-A was systemically administered to increase
effective vascular permeability. Validated high-performance liquid chromatography protocols were
used to measure chemotherapeutic drug concentrations in untreated and VEGF-A-treated lymph
nodes, liver, spleen, brain, and blood.

Results—VEGF-A-treated lymph node blood vessel effective vascular permeability (mean 3.83
x 1077 cm/s) was significantly higher than untreated lymph nodes (mean 9.87 x 1078 cm/s). No
difference was found in lymph node drug accumulation in untreated versus VEGF-A-treated mice.
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Conclusions—Lymph node effective vascular permeability can be increased (~fourfold) by
VEGF-A. However, no significant increase in chemotherapy uptake was measured by pretreatment
with VEGF-A.
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1| INTRODUCTION

Solid tumors often metastasize to regional lymph nodes. This metastatic spread is a poor
prognostic factor, regardless of the site of the primary tumor.! Systemic therapies are usually
designed to treat the primary tumor, but it is known that the local tumor microenvironment
alters the phenotypic behavior of cancer cells, including response to therapy.22 Thus,
therapies designed to treat primary tumors often are less efficacious in treating metastasis in
their new microenvironment.#° Because some patients show complete or partial responses in
metastatic lymph nodes during chemotherapy,8 it is assumed that these drugs are able to
penetrate lymph nodes. However, disease recurrence in the lymph nodes of patients initially
diagnosed without nodal metastasis or with nodal micrometastases is also common,
suggesting systemic therapy does not eradicate these small pockets of cells. One difference
between the macro- and micrometastatic settings is the ability of the tumor to alter the
vasculature of the lymph node.” Investigation of the physiologic lymph node blood
vasculature might therefore explain why systemic (intravenous) therapy fails to eradicate
micrometastatic disease, which is when lymph node disease burden is lower and thus
thought to be easier to treat. Systematic studies of chemotherapy drug penetration into
lymph nodes—both under normal and disease conditions—could offer a better
understanding of why there is a differential response of lymph node metastasis and primary
tumors to therapy.

Published studies have looked at lymphoid tissue drug penetration in the context of HIV, as
spleen, lymph nodes, and gut-associated lymphoid tissues have been identified as
pharmacologic sanctuaries from antiretroviral therapy.8:2 Also in HIV-infected patients,
there is evidence that drug penetration into the lymph node is insufficient.10-12 This likely
contributes to HIV-infected T cells finding pharmacologic sanctuary in lymph nodes, which
are then able to expand and repopulate the patient with infected cells after treatment is
stopped.19:13 Based on these data, we hypothesized that micrometastases and isolated
metastatic cancer cells might similarly find pharmacologic sanctuary from chemotherapy.
Employing validated methods to measure tissue drug concentrations, as well as our novel
method to measure EVP in three dimensions,1# we investigated whether low lymph node
blood vessel EVP could play a role in the establishment of pharmacologic sanctuary sites for
metastatic cancer cells, and whether enhancing blood vessel EVP using VEGF-A15-17 could
improve drug delivery. EVP accounts for convective, oncotic, and diffusive transport of a
molecular solute across the endothelium.1# Developing a fundamental knowledge of EVP
and drug penetration in lymph nodes will greatly contribute to the understanding of lymph
node (patho-)physiology and allow for improvement in the treatment of cancer patients with
lymph node metastasis.
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2 | MATERIALS AND METHODS

2.1 | Mice

All mice were bred and kept in a gnotobiotic animal facility. Approval by the Massachusetts
General Hospital Institutional Animal Care and Use Committee was obtained for all
experiments. We used 8- to 14-week-old BALB/c male mice (26 g-34 g). The
immunocompetent BALB/c strain was selected for lacking melanin, which can build up in
the lymph node over time and cause autofluorescence in pigmented mouse strains (Fig. S1).
This autofluorescence may interfere with accurate vessel masking for EVP measurements as
described below.

2.2 | Measuring effective vascular permeability using multiphoton microscopy

We performed EVP measurements using multiphoton microscopy# on normal lymph node
and dorsal skinfold vasculature in twenty-five BALB/c mice. Surgical implantation of the
chronic lymph node window and dorsal skinfold chamber was performed under general
anesthesia (100/10 mg ketamine/xylazine mixture per kg body weight) as previously
described.18-21 These chronic window models allow for nearly motionless intravital
imaging. Two days after surgical implantation, the mouse was positioned on an imaging
stage, and a cannula was inserted into the tail vein for intravenous access. Thirty seconds
after intravenous injection in the tail vein of 100 pL of a 1% solution of FITC-BSA (Sigma-
Aldrich, St. Louis, MO, USA; A9771), imaging was performed using a custom-built
multiphoton laser-scanning microscope (adapted from Olympus 300; Optical Analysis
Corp., Nashua, NH, USA) with a broadband femtosecond laser source (High Performance
MaiTai, Santa Clara, CA, USA, Spectra-Physics). Slowest acquisition (~0.85 sec per slice)
on Olympus FluoView software was employed to get best quality images containing 256 x
256 pixels (~482.65 pm x 482.65 um). Seventy-four z-slices starting ~15-20 um below
tissue surface with steps of 1.84 um were obtained with a 25x 1.05NA water-immersion
objective at 1.5x digital zoom (Figure 1). Image slices were acquired with ~60 mW on
sample laser power at 780 nm wavelength. For signal detection, we used a 535DF43
emission filter in front of the photomultiplier tube. Using these settings, there is no
photobleaching or saturation of the FITC-BSA fluorophore. For each EVP measurement,
eight time-lapse image stacks were obtained over a ~16-minute time span. Vessel masking
was performed using ImageJ?? 1.47v image analysis software (NIH): The image stack was
converted to binary using the threshold method “Li” followed by a 3D median filter (radius 1
pixel) to remove background single voxel noise. Custom analysis software written in Matlab
version r2013a (available in Data S1) is used to calculate the EVP after vessel masking,
which is based on the first stack of image slices acquired 30 seconds after FITC-BSA
injection. This vessel mask then allows identification of signal intensity changes inside and
outside the vessels over time in all stacks of image slices using a 3D box-shaped ROI
approach containing multiple vessels as recently described.1# In short, this box-shaped ROI
approach segments the voxels in a data stack into those inside the vessel, those on the vessel
wall or those outside the vessel using the vessel masking. For calculating EVP, all vessels
combined are mathematically considered as a single vessel. EVP (cm/s) is calculated as

BV P = (ozebsize)Slope of Fe overtime Wwhere voxe/ size is the size of a voxel (ie, 1.84 x 1076 cm3),

(1 wall)*Mean of (Fp—Fy)
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F,is total fluorescence from all exterior points including those on the wall, 7y is the
number of voxels making up the vessel walls, £, is the mean fluorescence from the voxels
inside the vessel, and F;is the mean fluorescence of the vessel wall voxels.

For VEGF-A treatment, 8 mg/kg recombinant mouse VEGF-A 164 Protein (R&D Systems,
#493-MV-005) in 50 pL of sterile PBS was administered retro-orbitally 2 hours before
imaging. For histamine treatment, histamine dihydrochloride 12.5 mg/kg (R&D systems,
#3545/50) in 50 L of sterile PBS was administered intravenously together with FITC-BSA.
All mice were euthanized after imaging.

2.3 | High-performance liquid chromatography

For HPLC, a total of sixty-four 8- to 16-week-old BALB/c male mice (four mice per drug
per time point) were treated with 50 mg/kg 5-FU (Sigma-Aldrich F6627), 20 mg/kg
paclitaxel (ChemieTek, Indianapolis, IN, USA; CT-0502), 20 mg/kg cisplatin (Selleckchem,
Houston, TX, USA; S1166), or 10 mg/kg doxorubicin (Selleckchem, S1208). For the time-
point evaluation, an additional 24 BALB/c mice were used (2 mice per drug per time point,
available in the Data S1). At 10 minutes, 2 hours, 4 hours, 8 hours, and 24 hours, mouse
whole blood was collected in an EDTA tube using cardiac puncture and snap-frozen in
liquid nitrogen. The liver, spleen, brain, and lymph nodes were snap-frozen in cryovials for
subsequent analysis. The mandibular, cranial deep cervical, proper axillary, accessory
axillary, subiliac, popliteal, jejunal, colic, and medial iliac lymph nodes?3 were collected and
grouped per animal. Up to 200 mg of organ tissues was separately weighed and
homogenized in 1 mL CelLytic™ tissue lysis buffer (Sigma-Aldrich C3228) on ice for at
least 1 minute until complete decomposition of the bulk tissue. 500 pL of cold methanol was
added to 500 pL of the homogenate, vortexed, and then centrifuged at 14 600 g for 10
minutes (5415D Microcentrifuge, Eppendorf, Hauppauge, NY, USA). The supernatant was
collected, and the pellet discarded. In addition, 5-FU and doxorubicin were extracted with 5
mL ethyl acetate, vortexed for 1 minute, and centrifuged for 10 minutes. The organic layer
was collected and evaporated to dryness using Genevac EZ-2 (SP Scientific, Warminster,
PA, USA). The dry pellet was reconstituted with 500 uL of deionized water. To measure the
concentration of drugs in the homogenate sample, 500 L of the supernatant solution (for
paclitaxel and cisplatin) or deionized water (for 5-FU and doxorubicin) was filtered through
a 0.22 um centrifuge filter (Sigma-Aldrich, CLS8161). The solution was then transferred
into an HPLC vial and analyzed by HPLC (Atlantics dC18 column, 250 mm x 4.6 mm, i.d. 5

pm).

2.4 | Immunohistochemistry

For visualization of histamine receptor on the vascular endothelium of the lymph node, we
used goat anti-mouse HRH1 antibody (Santa Cruz Biotechnology, Dallas, TX, USA,;
s¢-20633, 1:50) and rat anti-mouse MECA-32 (BD, 553849, 1:100) on paraffin-embedded
BALB/c lymph node tissue sections (5 um thickness). Donkey anti-mouse 1gM-488 and
IgM-cy3 were used as secondary antibodies (1:250) for HRH1 and MECA-32, respectively.

Microcirculation. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meijer et al. Page 5

2.5 | Statistics

Graphpad Prism v7.02 was used for all statistical analyses. For comparisons between two
groups, an unpaired nonparametric Mann-Whitney #test was performed. For analysis of
multiple groups, a Kruskal-Wallis ANOVA was performed with Dunn’s multiple
comparisons test. Results are presented as Mean + SEM.

3 | RESULTS

3.1 | Effective vascular permeability in lymph nodes

Using our methods, we measured a mean EVP (Figure 1) in normal lymph node blood
vessels of 9.9 + 1.5 x 1078 cm/s (n=7) in BALB/c mice. We found that normal lymph node
blood vessel EVP was not significantly different compared to untreated subcutaneous blood
vessels. Next, we evaluated whether lymph node EVP could be increased by using murine
histamine (12.5 mg/kg) and VEGF-A (8 mg/kg), as both have been shown to cause rapid
increases in vascular permeability.2425 We verified the presence of HRH1 on lymph node
blood vessel endothelium (Fig. S2). Dunn’s multiple comparisons test demonstrated that the
EVP of lymph nodes treated with histamine (n=5, 4.1 + 0.9 x 10~/ cm/s) and VEGF-A (n=8,
3.8+ 0.7 x 1077 cm/s) was significantly greater than untreated lymph nodes (Figure 1).
Using these doses, we showed that blood vessel EVP can be increased ~fourfold in lymph
nodes.

3.2 | Chemotherapy penetration in untreated and VEGF-A-treated lymph nodes

Next, we tested whether an increase in lymph node EVP could lead to an increased
accumulation of chemotherapeutic drugs. We selected commonly used chemotherapeutic
drugs from different classes and with variable drug properties (Table 1) and compared drug
accumulation in untreated and VEGF-A-treated mice 2 hours and 4 hours (n=4 per group)
after a single chemotherapeutic drug injection (Figure 2). HPLC drug calibration curves
showed good correlation to drug standards (/2 >.99, Fig. S3), and there was no false-
positive signal in untreated tissue for any of the drugs. Time points were chosen based on the
maximum lymph node drug concentration of 5-FU and paclitaxel (Fig. S4). The absence of
signal for 5-FU and paclitaxel in tissues and blood in uninjected animals are shown in Fig.
S4. Cisplatin and doxorubicin levels were also not detectable in uninjected animals (not
shown). On average per mouse, 962 uL, 35 mg, 1269 mg, 96 mg, and 440 mg of blood,
lymph node, liver, spleen, and brain tissue were harvested, respectively. Dunn’s multiple
comparisons test was performed for all comparisons. There were no significant differences
in drug concentration in the brains of animals treated with VEGF-A relative to control, and
as expected, all values were low compared to blood. Mean blood cisplatin concentrations
were significantly lower after 2 hours in VEGF-A-treated animals compared to control.
Spleen and liver showed no significant changes with VEGF-A treatment. In lymph nodes,
doxorubicin had the highest drug concentration, despite having the lowest injected dose at
10 mg/kg. For all drugs, no significant difference in lymph node drug concentration was
observed after administration of VEGF-A. When comparing untreated lymph node to liver at
2 hours and 4 hours using an unpaired t test, 5-FU and paclitaxel concentrations were
significantly lower in lymph node at 4 hours. Surprisingly, increasing EVP by administering
VEGF-A did not increase maximum lymph node drug penetration.
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4 | DISCUSSION

The efficacy of chemotherapy on isolated metastatic cancer cells or micrometastases in the
lymph node may depend on the ability of chemotherapeutic drugs to reach its target in
therapeutic concentrations. Therefore, we tested whether maximum chemotherapeutic drug
concentrations could be increased in lymph nodes by increasing blood vessel EVP. We found
that blood vessel EVP can be increased in lymph nodes by administering VEGF-A
systemically. However, this did not increase maximum drug concentrations in any organ
tested.

We first analyzed the EVP in normal, untreated blood vessels in lymph nodes, and in the
dorsal skinfold chamber in BALB/c mice. The latter was performed to compare blood vessel
EVP measurements made using our novel 3D method, to published measurements of FITC-
BSA EVP in the same dorsal skinfold chamber surgical preparation using a 2D method4
(Table 2). Normal subcutaneous blood vessels using this 2D method were found to have an
EVP around 5.0 x 1078 cm/s and 7.5 x 1078 cm/s in SCID and C57BL/6 mice,
respectively.26.27 EVP measured in SCID mouse normal pancreas?® and brain2® was found
to be similar to SCID subcutaneous blood vessels (~5.0 x 1078 cm/s), while normal liver
blood vessel EVP was lower (2.7 x 1078 cm/s).2° Our EVP measurements using a 3D
approach in immunocompetent BALB/c mice are twofold higher (n=5, 1.6 + 0.4 x 10~/
cm/s) than what was reported in immunocompetent C57BL/6 mice, most likely attributable
to the reduced (and less accurate) blood vessel volume estimation resulting from the 2D
approach. These measurements in SCID mice also suggest mouse strain as a source of
variation.

No significant differences in drug accumulation were measured in the lymph nodes of
VEGF-A treated animals relative to untreated controls. There was variability in some
measurements, which could not be explained by HPLC inaccuracy as all HPLC drug
calibration curves had an /2 >.99, and no false-positive signal could be detected (Fig. S3).
Therefore, the variability was likely due to experimental variability, which could arise from
unforeseen variation between animals, including the amount of lymph flow through
individual lymph nodes that could lead to drug washout. The brain was harvested to serve as
a negative control and, as expected, produced a low signal for doxorubicin3? and 5-FU.31
Very little to no signal for paclitaxel32 and cisplatin33 was detected in the brain.
Interestingly, lymph node paclitaxel penetration was significantly reduced compared to liver
at the 2 hours time point, and absent at the 10 minute time point (Fig. S4), suggesting a
slower drug uptake of paclitaxel in the lymph node. It is unclear from our data whether this
is related to the lipophilicity of paclitaxel.

Lymph enters the lymph node via afferent lymphatic vessels to the lymph node subcapsular
sinus. It is known that smaller molecules up to an approximate molecular weight of 70
kDa34-36 from the lymph are found in lymph node conduits, penetrate more deeply, and
enter the lymph node B- or T-cell zones. Subcapsular macrophages and dendritic cells are
known to transfer larger molecules (>70 kDa) from the sub-capsular sinus to more
superficial B cells.35:37-39 However, molecular delivery to the lymph node from the blood is
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not well understood, and the exact lymph node blood vessel and high endothelial venule
pore cut-off sizes are, to our knowledge, unknown.

Molecules roughly 5 nm or larger are usually impermeable to the blood capillaries within
healthy nonlymphoid tissues.?? HSA is a negatively charged molecule, 3.8 nm in diameter,
15 nm long, and ~69 kDa*! in size. HSA binds paclitaxel and cisplatin (>95%), to a lesser
extent doxorubicin (~75%), and some of their degraded products, changing total molecule
size and extending plasma half-life.#2-4> HSA binds weakly to 5-FU.%6 Based on our
findings that VEGF-A increased lymph node blood vessel EVP to FITC-BSA (~67 kDa in
size), we expected that VEGF-A pretreatment would allow more HSA bound paclitaxel,
cisplatin and doxorubicin to enter the lymph node and increase maximum drug
concentrations. We also hypothesized 5-FU would better penetrate the lymph node than any
of the other drugs even without VEGF-A treatment, as it has a much weaker binding to
HSA.46 Doxorubicin, however, exceeded 5-FU drug penetration in all organs, likely as a
result of the short plasma half-life of 5-FU47 which resulted in low blood concentrations at
the selected time points.

Adair et al.#8-50 describe experimental settings in dog popliteal lymph nodes where, under
physiologic pressures, 10% of the afferent lymph fluid (not protein) was absorbed by blood
vessels in the lymph node. The validity of their findings is strengthened by other data where
dog popliteal lymph node blood vessels absorbed up to 50% of fluid in some settings.>!
Protein concentrations under normalized conditions were higher in the efferent lymph vessel
than the afferent lymphatic vessels, attributable to protein leaving the blood and net fluid
getting absorbed by the blood.5% Using computational modeling, Jafarnejad et al.,52 showed
most fluid in the lymph node subcapsular sinus is hypothesized to travel to the medullary
sinuses and leave the node via the efferent lymphatic vessel, following the path of least
resistance. These data are supported by Kourtis et al.,53 where after peripheral nanoparticle
injection, the particles pass the lymph node mostly through the subcapsular sinus. Only
approximately 7% of all fluid entering the lymph node reaches the center of the lymph node
and is expected to leave through blood vessels under physiological pressures.> Fluid flux
through the lymph node®2 can also cause wash-out of drugs, which may dominate vascular
permeability as the main determinate of drug accumulation. Any drug in the subcapsular or
medullary sinuses is likely to be washed out by lymph flow more easily.

Our measurement method for effective vascular permeability accounts for all processes that
move material from the blood vessels to the extravascular space in the center of the lymph
node based on FITC-BSA, which pertains to similarly sized HSA-bound chemotherapy. This
being said, we are not measuring vascular permeability of fluid, but an effective vascular
permeability of FITC-BSA that accounts for net transport effects of diffusive, convective,
and oncotic forces. While centralized fluid is expected to leave through blood vessels in the
lymph node in the physiologic setting,8-50 protein (like albumin) is not expected to.50
Hence, data in the literature and our effective vascular permeability measurements argue
against net protein transport from the lymph node to the blood, but fluid transport can occur
in this direction. What happens to other macromolecules and free drug is less clear.
Regardless, increasing blood vessel permeability is postulated to decrease or reverse lymph
to blood exchange in the lymph node center®2 and promote transport out of the blood.

Microcirculation. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meijer et al.

Page 8

However, drug accumulation did not increase with increased EVP. Thus, a possible
explanation for our findings is that VEGF-A increased fluid flow through the lymph node,
which carried the drug out of the lymph node toward efferent lymphatic vessels.

Solas et al.11 evaluated protease inhibitor concentrations in lymph nodes of patients infected
with HIV. Differential penetration into lymphoid tissue was observed, with average lymph
node tissue/plasma concentration ratios 4-8 hours after drug intake of 2.07, 0.64, 0.58, and
0.21 for the highly lipophilic drugs indinavir, ritonavir, nelfinavir, and lopinavir,
respectively. All 41 patients in the study had detectable HIV-1 RNA in lymph node biopsies,
while 13 patients had detectable HIV-1 RNA in plasma, indicating that the ratios were at
subtherapeutic levels in these patients. Significantly reduced levels of antiretroviral drug
penetration of lymphoid tissue compared to plasma have also been measured in animal
models.%5455 In our study, we calculated average lymph node tissue/plasma concentration
ratios at 4 hours for 5-FU, paclitaxel, cisplatin, and doxorubicin of 1.5, 0.09, 0.09, and 0.5,
respectively. After VEGF-A treatment, the ratio was significantly increased only for
paclitaxel (average ratio 0.35 + 0.07, £=.035). It is unclear however, whether it is low drug
concentration in the lymph node that causes therapy failure, or whether certain lymph node
regions provide protection for metastatic cancer cells and HIV-infected T cells. B-cell
follicles specifically have been shown to constitute sanctuaries for persistent HIV and SIV
(HIV nonhuman primate counterpart) infections.13:°6 More research is needed to evaluate
whether what has been learned from HIV studies can be applied to the treatment of lymph
node metastasis. However, from our findings, we hypothesize that increasing lymph node
blood vessel EVP is unlikely to increase therapy effectiveness of the tested chemotherapy
drugs without changing their drug properties or reducing drug washout by inhibiting lymph
flow.

The present study has limitations. Our goal was to evaluate whether we could increase
maximum drug concentration in the lymph node. Therefore, we evaluated the time points
(10 minutes, 2 hours, 4 hours, 8 hours, and 24 hours) that yielded the highest lymph node
drug concentration using 5-FU and paclitaxel (Fig. S4). We moved forward with the 2 hour
and 4 hour time points, accepting that the area under the curve cannot be calculated from
solely these time points. Hence, complete evaluation of chemotherapeutic drug penetration
during a dosing interval and the pharmacokinetic properties of the respective drugs with or
without VEGF-A treatment were not evaluated. In addition, HPLC might not be sensitive
enough to detect a small change in drug concentration. Regardless, we could detect drug in
all samples, supported by a linear calibration curve even in the low concentration range (Fig.
S3). VEGF-A increased effective vascular permeability ~fourfold, and a comparable
(orlesser) change in drug accumulation could be easily detected; therefore, we believe the
technique is capable of detecting major and biologically relevant changes. Moreover, some
loss of drug could have occurred in processing, although it was not biased to any particular
sample, and all relative comparisons are valid. We cannot exclude that the absolute values of
drug may underestimate the true tissue concentration. In addition, our study is performed in
lymph nodes not harboring metastatic cancer cells. It is known that prior to cancer cell
dissemination, tumor-draining lymph nodes may undergo many remodeling processes
including lymph node lymphangiogenesis, remodeling of high endothelial venules,
alterations in immune cell populations and changes in chemokines and cytokines
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expression.” We hypothesize that these changes might not be as robust in the settings of
isolated metastatic cancer cells. However, in the pre- and micrometastatic setting, changes in
conduits and angiogenesis are not reported,29 both of which play a role in molecular
transport in lymph nodes. Future evaluation of lymph node blood vessel EVP in the setting
of lymph nodes harboring isolated metastatic cancer cells would allow further
characterization of chemotherapy penetration in lymph nodes. Lastly, the intravital
multiphoton microscopy imaging field of view is limited in X, y, and z (~483 x 483 x 136
um).14 Therefore, while the HPLC analysis of lymph nodes was performed on complete
lymph nodes, the imaging described for evaluation of blood vessel EVP predominantly
included the cortical region of the lymph node.

Globally increasing permeability by using systemic treatments causes drug to accumulate in
other organs, arguably even more than in lymph nodes. Specific lymph node targeting would
be a promising approach. There are some techniques that target the lymphatic system more
specifically by lymphatic drainage. Recent literature®53 describes direct lymph node
injection and subcutaneous injections of synthetic materials, biopolymers (eg, albumin), and
nanoparticles. Recent work on endogenous cell-mediated trafficking is also described,
employing antigen-presenting cells to target lymphoid organs. Alternatively, therapies to
impair lymphatic vessel function can be systemically administered to prevent washout from
the lymph nodes by lymph flow, and methods can be developed to measure lymph node drug
efflux. Thus, there are multiple approaches which could be employed in future research to
help improve drug accumulation in lymph nodes.

In conclusion, here we report measurements of EVP of lymph node blood vessels for the
first time as an initial step to understanding the ability of systemic drugs to penetrate and
accumulate in lymph nodes. As our basic understanding grows, we hope to exploit our
findings to improve the therapeutic efficiency of drugs treating disease in lymph nodes.

5| PERSPECTIVES

We report here the first measurements of effective vascular permeability of lymph node
blood vessels. No significant differences in lymph node chemotherapeutic drug
concentration were observed after increasing the effective vascular permeability of lymph
node blood vessels. We hypothesize that these findings may be explained by fluid flow
through the lymph node that causes drug washout. The investigation of alternative drug
properties and measuring or altering lymph node drug efflux are promising areas of research
to improve drug accumulation in lymph nodes.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

5-FU 5-fluorouracil

DAPI 4’ 6-diamidino-2-phenylindole
EDTA Ethylenediamine tetraacetic acid
EVP Effective vascular permeability

FITC-BSA Fluorescein isothiocyanate conjugated to bovine serum albumin
HIV Human immunodeficiency virus

HPLC High-performance liquid chromatography

HRH1 Histamine H1 receptor

HSA Human serum albumin

LN Lymph node

MECA-32 Mouse endothelial cell antigen-32

PBS Phosphate buffered saline

ROI region of interest

SCID severe combined immunodeficiency
SEM Standard error of mean

SV Simian immunodeficiency virus

VEGF-A  Vascular endothelial growth factor A
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FIGURE 1.
Blood vessel effective vascular permeability. (A) Intravital multiphoton microscopy

demonstrates the presence of FITC-BSA in lymph node blood vasculature of a BALB/c
mouse ~ 30 seconds after intravenous injection. (B) Image of the same location as A, ~14
minutes later shows FITC-BSA extravasation is most apparent in left side. C-D) Images at
305 (C) and 14 min (D) after injection show extravasation of FITC-BSA in the interstitial
space after VEGF-A treatment in different BALB/c mouse with extravasation most apparent
in the top right corner. (E) EVP measurements performed in normal, histamine-treated and
VEGF-A-treated lymph nodes, as well as subcutaneous blood vessels. Mean and SEM are
reported. ** = A<.01 using Dunn’s multiple comparisons test (ANOVA)

Microcirculation. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meijer et al.

Page 15

Lymph node Liver Spleen Brain Blood
10 10
= g . ]
S 2 8 S 8
= 0 1]
ES° I _E|5
:3 . | T F k4
33 . § 3
L= A ¥ - a
i 2 QUSOSN g g & Q 3
""=\°° ¢ —:F‘ * = 2 sevt vt e ewet D\eum‘n-‘_.f&w
20 20
_ 8 H :
5_315 % . a 151 »
= . . - .
Somw _I__I_. . Em-l-_}%{_
€9 5| 2 E + . J_'g a s ¢ :
s F %« - T I 2 -
0 g o=y °\0
—
o % gy !
c 2 o 2
£ 2 4 o 40 .
= -
£ 3 .1 +
[ =] . -
o a2 dm L2 *
= . —} A 2 o
B P = —.I—‘}% S tewt ayee B | i aia R oo ;
80 5 80
£ 3 3 : .
S @ 60 2 60 .
S @ " o .
o = .
2 a0 % & 1 2 % —I——I—_I_—I—
FMES P 1T E
5 2 2 . —%—:ﬁ— a 20
R R I & ¢ % ’I’i* - I
W g DI g T O W g T
& & & & & & & & & &
" ¥ ¥ " ¥ ¥ ¥ ¥ ¥ «
) » ) » ) N a N ) *

Chemotherapeutic drug concentrations in normal and VEGF-A treated lymph nodes. This
figure shows data for all measured chemotherapeutic drugs (5-FU, paclitaxel, cisplatin, and
doxorubicin) at 2 hours and 4 h after drug injection, with and without VEGF-A treatment.
N=4 per group, mean, and SEM are reported. * = A<.05 using an unpaired nonparametric
Mann-Whitney ¢test or Dunn’s multiple comparisons test (ANOVA)
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TABLE 1
Chemotherapeutic drug properties
Molecular weight (Da) Lipophilicity Charge
5-FU 130 Low Negative
Paclitaxel 854 High Negative
Cisplatin 300 Low Neutral
Doxorubicin 580 Low Positive
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TABLE 2

Summary of effective vascular permeability measurements in mice employing FITC-BSA in a 2D or 3D
method

Site Strain 2D Method 3D Method References

Brain SCID ~5.0 x 108 cm/s 23

Liver SCID ~2.7 x 108 cm/s 26

Pancreas SCID ~5.0 x 108 cm/s 25

Subcutaneous blood vessels ~ SCID ~5.0 x 1078 cm/s 23

Subcutaneous blood vessels  C57BL/6  ~7.5 x 1078 cm/s 24

Subcutaneous blood vessels  BALB/c

1.6+0.4x 1077 cm/s

Lymph node

BALB/c

9.9+1.5x 108 cm/s

Lymph node + Histamine

BALB/c

4.1+ 0.9 x 107" cm/s

Lymph node + VEGF-A

BALB/c

3.8+0.7x 1077 cm/s
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