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Abstract

T cells infiltrating lymphedematous tissues have a mixed T helper 1 (Th1) and Th2 differentiation
profile. Treatment with neutralizing antibodies targeting cytokines that promote Th2
differentiation [interleukin 4 (IL-4) and IL-13] decreases the severity of lymphedema in preclinical
models, suggesting that Th2 cells play a key role in the pathology of this disease. However, these
previous studies do not address the contribution of Th1 cells and it remains unknown if IL-4 and
IL-3 blockade acts primarily on T cells or decreases the pathological changes of lymphedema by
other mechanisms. Therefore, this study sought to analyze the effect of lymphatic injury in
transgenic mice with mutations that cause defects in Th1l and Th2 cell generation (T-bet knockout
or T-betKO and STAT6 knockout or STAT6KO mice, respectively). Using both the mouse tail and
popliteal lymph node dissection models of lymphedema, we show that Th2-deficient (STAT6KO)
mice are protected from developing lymphedema, have decreased fibrosis, increased collateral
vessel formation, and preserved collecting lymphatic vessel pumping function. In contrast, mice
with defective Th1l cell generation (T-betKO) develop disease with the same severity as wild-type
controls. Taken together, our results suggest that Th2 differentiation is necessary for development
of lymphedema following lymphatic injury and that Thl differentiation does not significantly
contribute to the pathology of the disease. Such findings are important as immunotherapy directed
at Th2 cells has been found to be effective in well-studied Th2-mediated diseases such as asthma
and atopic dermatitis and may therefore be similarly useful for lymphedema management.

Brief Commentary

Background—Lymphedema management is limited due to a poor understanding of its
pathophysiology. In this study, we seek to delineate the importance of T helper 1 (Th1) and Th2
cells in this disease by evaluating the effect of lymphatic injury on mice that have impaired Th1 or
Th2 cell generation. We found that Th1 differentiation does not significantly contribute to the
disease, whereas the inability to develop Th2 cells is protective.
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Translational Significance—Our findings suggest that Th2 cells play a critical role in
lymphedema and that biologics directed against Th2 cells may be valuable.

Introduction

Secondary lymphedema is a common complication of cancer management that occurs as a
consequence of lymph node dissection for tumor staging or treatment [1]. As many as 1 in 3
patients with breast cancer and 1 in 6 patients with other solid tumors go on to develop this
dreaded disease [2]. The incidence of lower extremity lymphedema is even higher in some
gynecological cancers, affecting as many as 75% of patients [3]. Although recent
advancements in lymph node staging such as sentinel lymph node biopsy have been helpful
in decreasing the incidence of lymphedema, these gains have been offset by increasing rates
of patient and treatment factors such as obesity, advanced age, and radiation therapy that
favor lymphedema development. As a result, it is estimated that nearly 10 million Americans
suffer from lymphedema.

Recent studies from our laboratory and others have suggested that CD4* T cells play a key
role in direct or indirect regulation of fibroadipose deposition and lymphatic dysfunction,
both of which are clinical hallmarks of lymphedema [4-8]. Using antibody depletion
techniques, we previously demonstrated that loss of CD4* T cells, but not CD8* T cells or
macrophages, markedly decreases the pathological changes in a mouse tail model of
lymphedema [4, 9]. Furthermore, we have found that nude mice lacking T cells entirely or
mice lacking CD4* T cells specifically (CD4 knockout, CD4KO) do not develop
lymphedema following lymphatic injury [5]. Similarly, Ogata et al. noted that CD4* T cells
promote the excessive generation of immature lymphatic vessels, which is necessary for
initial edema development in the early stages of the disease [7]. Importantly, we have also
shown that the degree of CD4* T cell inflammation is positively correlated with disease
severity in patients with upper extremity lymphedema [5].

Further characterization of the CD4* T cell infiltrate in lymphedema has revealed that it is
comprised of a heterogeneous population of subtypes, including T helper 1 (Thl) and T
helper 2 (Th2) cells [4, 5, 10, 11]. Th2 cells in particular appear to be necessary for fibrosis
and lymphatic dysfunction, as monoclonal antibody-based inhibition of cytokines that
regulate Th2 differentiation [interleukin-4 (IL-4) and IL-13] is an effective means of both
prevention and treatment of these features in the mouse tail model of lymphedema [5]. This
is consistent with /n vitro and in vivo studies demonstrating that physiologic doses of these
cytokines potently inhibit lymphatic endothelial cell survival, proliferation, migration, and
tubule formation [6]. However, while these findings are interesting, these studies do not
elucidate the role of Thl cells in lymphedema, nor do they specifically implicate Th2 cells
since it remains unknown if IL-4 and IL-3 blockade acts primarily on T cells or decreases
the pathological changes of lymphedema by other mechanisms. Further understanding of the
role of these T helper cells is critical, especially because immunotherapy against specific
cellular subtypes have been shown to be effective in other inflammatory diseases and may be
similarly useful in lymphedema [12].
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To more specifically study the role of Thl and Th2 cells in the regulation of lymphedema
development, we evaluated T-bet knockout (T-betKO) and signal transducer and activator of
transcription 6 knockout (STAT6KO) mice because these animals have impaired Th1 and
Th2 differentiation capacity, respectively. T-bet is a T-box transcription factor encoded by
Tbx21 and is considered to be the master regulator of Th1l differentiation [13, 14]. Early
commitment to the Th1 lineage is induced by the activation of STAT1, which then promotes
T-bet expression, which in turn results in the production of IL-12Rp2 and interferon gamma
(IFN-y). As such, the absence of T-bet results in a deficiency of Thl cells and, ultimately,
the failure to activate antimicrobial mechanisms against a variety of pathogens [13, 15]. This
has been demonstrated by Finotto et al., who showed that mice possessing a targeted
mutation for T-bet have markedly reduced IFN-y levels and dysfunctional immune
responses [14]. In contrast, activated STAT6 is required for the differentiation of activated
CD4* T cells to the Th2 phenotype [16, 17]. Latent cytoplasmic STAT6 becomes
phosphorylated by Janus kinases after interaction with the cytokines IL-4 and IL-13, which
then allows for translocation into the nucleus to induce the expression of the Th2
differentiation genes GATA3and Crth2[17, 18]. Further research has also shown that
STATG is also important in the regulation of alternative signaling pathways involved in Th2
differentiation [19]. Consistent with such data, Kaplan et al. provided evidence that mice
lacking STAT6 have nearly completely abrogated Th2 differentiation even in the setting of
IL-4 or IL-13 incubation. Such a deficiency in Th2 cells consequently results in defective
antibody production and elimination of extracellular organisms [20].

In this study, we found that T-betKO mice have a similar phenotype as wild-type (WT) mice
following lymphatic injury with resultant edema, fibrosis, inflammation, and lymphatic
dysfunction following lymphatic injury. Meanwhile, STAT6KO mice have a phenotype
similar to CD4KO mice with features of lymphedema. Taken together, our findings suggest
that Th2 but not Th1 cells are necessary for the development of lymphedema and that Th2
differentiation coordinates the pathologic changes resulting from lymphatic injury. Such
results indicate that immunotherapy directed at Th2 cells may prove to be an useful
preventative or therapeutic treatment option for patients with lymphedema.

Materials and Methods

Mouse models

All experimental protocols were reviewed and approved by the Institutional Animal Care
and Use Committee at Memorial Sloan Kettering Cancer Center, which adheres to the
National Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals and
operates under the Animal Welfare Act and Animal Scientific Procedures Act of 1986.
Female WT (C57BL/6J; #000664), CD4KO [CBY.129S2 (B6)-Cd4tmimak/j: #002663], T-
betkO (B6.12956-Thx21tM1GIM/3 #004648), and STATEKO (B6.12952(C)-Stat6miGru/j:
#005977) mice were purchased from The Jackson Laboratory (Bar Harbor, Maine) and
maintained in a pathogen-free, temperature- and light-controlled environment and fed ad
libitum. CD4KO, T-betKO, and STAT6KO mice have previously been established as models
for CD4* T cell, Thl cell, and Th2 cell deficiency, respectively, and were therefore chosen
for this study to determine the effect of these particular cell types on the development of

Transl Res. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ly etal.

Page 4

lymphedema following lymphatic injury [15, 17, 21]. A minimum of 5 mice were used for
each experimental group and assays were performed in triplicate. All counts were performed
by 2 reviewers blinded to the intervention.

For all survival procedures, anesthesia was induced with isoflurane (Henry Schein Animal
Health; Dublin, OH) and depth of anesthesia was monitored through observation of
respiratory rate and reaction to tail pinching. Terminal tissue harvest was performed
following euthanasia by carbon dioxide asphyxiation as recommended by the American
Veterinary Medical Association (AVMA).

Surgical models of lymphedema

We used both the mouse tail and the popliteal lymph node dissection (PLND) models of
lymphedema in this study, as each model has its own advantages and disadvantages [22]. In
the tail model, the superficial and deep lymphatic vessels are carefully ligated after
circumferential excision of a 3-mm portion of skin 2 cm from the base of the tail and
identification using Evans’ blue dye (Sigma-Aldrich; St. Louis, MO) injection into the distal
tail. This results in complete or nearly complete dissociation of the lymphatic vasculature in
the distal tail from the proximal tail. We and others have shown that this results in sustained
tail edema, fibroadipose deposition, and lymphatic dysfunction for as long as 10-12 weeks
after surgery [23-26]. When indicated, animals that underwent tail skin incision without
lymphatic vessel injury (sham surgery) served as controls. In other experiments, we utilized
the PLND model, which is particularly valuable for the evaluation of collateral lymphatic
formation and collecting lymphatic vessel pumping capacity [27-29]. In this procedure, the
popliteal lymph node is excised along with the surrounding fat, which includes the afferent
and efferent lymphatic vessels, after Evans’ blue injection into the distal dorsal hindlimb.
The incision is closed with 3-0 non-absorbable sutures in a continuous fashion. Any animal
noted to have wound infection or skin ulceration following either surgical procedure was
excluded and sacrificed per AVMA guidelines.

Tail volume measurements

The tail volumes of mice that endured tail surgery were calculated weekly using the
truncated cone formula: V= 1/4r (C,C, + C,C3 + C3Cy) [24]. Tail diameters were
measured in a standard fashion using digital calipers every 1 cm starting from the surgical
site going distally toward the tip of the tail.

Flow cytometry

Flow cytometry was performed using single-cell suspensions obtained from tail skin and
subcutaneous tissues after tail surgery. Harvested tissues were mechanically dissociated and
enzymatically digested using a combination of DNase I, Dispase |1, and collagenase D (all
from Roche Diagnostics; Indianapolis, IN). After endogenous Fc receptors were blocked
using rat monoclonal anti-CD16/CD32 (#14-0161-85; eBioscience; San Diego, CA), cells
were stained with varying combinations of the following fluorophore-conjugated
monoclonal antibodies: rat anti-CD4 (GK1.5; #11-0041-82), Armenian hamster anti-CXCR3
(CXCR3-173; #45-1831-80), and Armenian hamster anti-CCR5 (7A4; #12-1951-82) from
eBioscience; and Armenian hamster anti-CCR4 (2G12; #131211) and rat anti-CCR8
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(SA214G2; #150311) from BioLegend (San Diego, CA). All cells were also incubated with
4,6-diamidino-2-phenylindole (DAPI; #D1306, Molecular Probes/Invitrogen; Eugene, OR)
to allow for exclusion of dead cells. Single-stain compensation samples were created using
UltraComp eBeads™ (#01-2222-42, Affymetrix, Inc.; San Diego, CA). Flow cytometry was
performed using a Fortessa flow cytometer (BD Biosciences; San Jose, CA) with BD FACS
Diva. Resultant data were analyzed with FlowJo software (Tree Star; Ashland, OR).

Histology and immunohistochemistry

Tail and hindlimb tissues were harvested, fixed in 4% paraformaldehyde (Sigma-Aldrich) at
4°C overnight, decalcified using 5% ethylenediaminetetraacetic acid (Santa Cruz
Biotechnology; Santa Cruz, CA), embedded in paraffin, sectioned at 5 um, and rehydrated
for histological and immunohistochemical staining. Unless otherwise specified, cross-
sections were harvested at a point 1 cm distal to the zone of injury.

Hematoxylin and eosin staining was performed per a standard protocol using Mayer’s
hematoxylin (Lillie’s Modification; Dako North America; Carpinteria, CA) and eosin Y
solution (Thermo Fisher Scientific; Waltham, MA). Sections were dehydrated with
increasing concentrations of alcohol, which was extracted with xylene (Sigma-Aldrich) prior
to mounting with VectaMount Permanent Mounting Medium (Vector Laboratories, Inc.;
Burlingame, CA).

For immunofluorescent staining, antigen unmasking was achieved using sodium citrate
(Sigma-Aldrich) in a 90°C water bath. After non-specific binding was blocked with 20%
donkey serum (Sigma-Aldrich) in phosphate-buffered saline for 1 hour in room temperature,
sections were incubated at 4°C with the appropriate combinations of primary antibodies
overnight. The following primary antibodies were used: rat monoclonal anti-CD4 (1:100;
GK1.5; #BAMb554), rat monoclonal anti-CD45 (1:100; 30-F11; #MAB114), goat polyclonal
anti-LYVE-1 (1:400; #2125-LY), and goat polyclonal anti-podoplanin (1:100; #AF3244)
from R&D Systems (Minneapolis, MN); rabbit polyclonal anti-collagen I (1:100;
#ab34710), rat monoclonal anti-F4/80 (1:100; #ab16911), and rabbit polyclonal anti-
inducible nitric oxide synthase (iNOS) (1:100; #ab3523) from Abcam (Cambridge, MA);
and mouse monoclonal anti-alpha smooth muscle actin (a-SMA) (1:100; #A2547) from
Sigma-Aldrich. After washing, the sections were then incubated with corresponding
fluorescent-labeled secondary antibody conjugates (1:1000; Life Technologies; Thermo
Fisher; Waltham, MA) at room temperature for 5 hours and DAPI for 10 minutes before
being mounted with Mowiol (Sigma-Aldrich).

All mounted sections were scanned with Zeiss Mirax slide scanner and analyzed with
Pannoramic Viewer (3D Histech; Budapest, Hungary). Analysis was performed by 2 blinded
reviewers using 4-5 high-powered sections per animal and with a minimum of 5 animals per
group. Cell counts and calculation of capillary lymphatic vessel area are quantified in
standardized areas measuring 0.25 mm2. Fibroadipose thickness was measured as the width
of tissues bounded by the reticular dermis and deep fascia in 4 standardized regions of tail
cross-sections. Type | collagen deposition was quantified as a ratio of positively stained
dermis and subcutaneous tissues within a fixed threshold to total tissue area using
Metamorph Offline Software (Molecular Devices; Sunnyvale, CA). Alpha-smooth muscle

Transl Res. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ly etal.

Page 6

actin accumulation around collecting vessels following PLND was evaluated at the points of
greatest thickness in each cross-section.

Analysis of lymphatic function

Near-infrared lymphangiography using indocyanine green (ICG) was utilized for assessment
of ipsilateral hindlimb collecting lymphatic vessel function after PLND per a previously
validated protocol [30-33]. Briefly, 15 uL of 0.15 mg/mL (Sigma-Aldrich) was injected
intradermally into the first webspace of the hindpaws of anesthetized mice. The mice were
allowed to awaken and move freely for 30 minutes to promote uptake of the ICG into the
lymphatic vasculature. They were then placed under anesthesia again for imaging, which
was performed using a custom-made EVOS EMCCD camera (Life Technologies; Carlsbad,
CA) and LED light source (CoolLED; Andover, UK) mounted on a SteREO Lumar.v12
microscope (Zeiss; Jena, Germany). Images were obtained every 8 seconds for 30 minutes
for each mouse hindlimb using the same machine and settings. Lymphatic pumping was
analyzed with Fiji software (National Institutes of Health; Bethesda, MD). A region-of-
interest was selected over the dominant collecting vessel of each hindlimb and noise-
subtracted fluorescence intensity was plotted over time as arbitrary units, which are
representative of the brightness of the near-infrared signal. Fluctuations in intensity or
brightness correspond to lymphatic contractions and can therefore be utilized to assess
lymphatic vessel pumping frequency and strength. The initial 10 minutes of each image set
were excluded to avoid inaccuracies from inadvertent lymphatic stimulation due to
positioning.

Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism (GraphPad Software; San Diego,
CA). Differences between two groups were compared with unpaired student’s t test, while
comparisons between four groups or over time were conducted using one-way or two-way
analysis of variance, respectively, with Tukey’s multiple comparisons test. Data are
presented as mean + standard deviation unless otherwise noted and £ < 0.05 was considered
significant.

Mice with impaired Th2 differentiation do not develop lymphedema

Using multiple mouse models of lymphedema, including the tail surgery model, the axillary
lymph node dissection (ALND) model, and the PLND model, we have previously shown
that lymphatic injury reliably results in a distinct inflammatory infiltrate largely comprised
of CD4" T cells [4, 11, 33]. Importantly, this finding was also demonstrated in human
lymphedematous tissues [5]. Subsequent studies that sought to further characterize these
inflammatory responses noted that both Th1 and Th2 cells were increased in lymphedema.
These studies relied largely on histological staining [5]. In the current study, however, we
chose to utilize flow cytometric evaluation of single-cell suspensions derived from
lymphedematous tissues to improve cellular analysis and quantification. The tail tissues of
WT mice that underwent tail sham surgery (skin incision without lymphatic excision) or
skin and lymphatic excision were harvested, digested, and analyzed 6 weeks post-
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operatively (Fig. 1a). The tail model was specifically chosen in this case because we and
others have found that inflammation is better analyzed in this model compared to the
lymphadenectomy models [22]. Consistent with prior findings, we noted that there was a
significant increase in CD4* T cell infiltration in lymphedematous tissues as compared with
sham controls (Fig. 1b; £=0.0015). Further characterization revealed that this overall
increase in the percentage of CD4* T cells corresponded to a 4.3-fold increase in Th1 cells
(CD45*CD4*CXCR3*CCR5") and a 2.6-fold increase in Th2 cells
(CD45*CD4*CCR4*CCR8*; Fig. 1c, d; £<0.0001 for both).

We next used the same mouse tail model of lymphedema to compare pathologic changes
following lymphatic injury in WT, global CD4KO, Th1-deficient (T-betKO), and Th2-
deficient (STAT6KO) mice (Fig. 2a). We chose to use this model because it is particularly
useful for the evaluation of the gross development of edema and quantification of
fibroadipose tissue deposition.

Consistent with previous studies, we found that CD4KO mice had significantly decreased
tail edema (Fig. 2b, c; < 0.01 starting at 3 weeks post-operatively) and fibroadipose tissue
deposition (Fig 2d, e; £=10.0043) as compared to WT mice that also underwent tail skin and
lymphatic excision. T-betKO mice had a similar phenotype to WT mice, displaying
significant increases in tail volume and fibroadipose deposition. In fact, these Th1-deficient
mice had a nearly identical gross appearance of their tails as WT mice with the characteristic
J-shaped configuration of the distal lymphedematous tail that occurs as a result of tissue
fibrosis. Interestingly, quantification of histological sections comparing WT and T-betkO
mice showed that T-betKO mice had a nearly 30% increase in tail fibroadipose deposition, a
difference that approached statistical significance (Fig. 2e; 2= 0.055), suggesting that the
loss of Thl responses may worsen the lymphedema phenotype. In contrast, the tails of
STAT6KO mice displayed a gross appearance that was identical to CD4KO mice with little
evidence of swelling and demonstrated significantly decreased tail volumes compared to WT
or T-betKO mice starting 3 weeks post-operatively (Fig. 2¢; £< 0.001). Furthermore, the
Th2 cell-deficient mice displayed minimal increases in fibroadipose thickness 6 weeks after
surgery (Fig. 2e; £=0.0003 for T-betKO versus STAT6KO).

Fibrosis in lymphedema is related to dermal type | collagen deposition [5, 34, 35]. To
determine whether the defect in Th2 cell generation in STAT6KO mice corresponded to
changes in this characteristic feature, we used immunofluorescent staining to quantify the
percentage of type I collagen in the dermis of distal tail cross-sections obtained 6 weeks
after skin and lymphatic excision in all experimental groups (Fig. 2f). We found that the
accumulation of type I collagen in STAT6KO mice was less than one-third of that found in
both WT and T-betKO mice (Fig. 2g upper; A= 0.0005 and £ < 0.0001, respectively). In
contrast, it was not significantly different from that in CD4KO mice (£ = 0.99).

We also noted that the lymphedema phenotype in the WT and T-betkKO mice corresponded
to dilated LYVE-1* lymphatic capillary vessels in the distal portions of the tail at least 1 cm
from the surgical site (Fig. 2f). These vessels in particular were examined because
lymphedema is known to be associated with gradual enlargement of lymphatic capillary
vessels, a phenomenon that is especially evident in the tail surgery model of lymphedema, in
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which there are no alternate drainage pathways to quickly compensate for the obstruction
caused by lymphatic injury [8]. In contrast, CD4KO and STAT6KO mice had lymphatic
capillary vessels with significantly smaller cross-sectional areas, suggesting that these
animals had decreased tissue edema and resistance to lymphatic flow distal to the lymphatic
injury (Fig. 2g lower; P=0.0016 and A= 0.0019, respectively, compared to WT mice). In
addition, analysis of the surgical wound in the various groups showed that STAT6KO mice
had nearly 3 times as many lymphatic vessels that bridged the wound as compared to WT
and T-betKO controls (Fig. 2h, i; £=0.019 and P= 0.024, respectively). These findings are
supportive of prior reports showing that the Th2 cell-derived cytokines IL-4 and IL-13 have
potent anti-lymphangiogenic effects [6] and that mice with impaired Th2 differentiation
capacity have increased lymphatic regeneration following lymphatic injury resulting in
decreased edema and fibroadipose deposition [5].

Impaired Th2 differentiation results in decreased inflammation after lymphatic injury

We then sought to determine whether the absence of the lymphedema phenotype in CD4KO
and STAT6KO mice is associated with decreased inflammation, another hallmark of the
disease. To test this, we evaluated the number of peri-lymphatic CD45* leukocytes, CD4*
cells, and F4/80* cells in lymphedematous tail tissues 6 weeks after surgery. We found no
overall changes in peri-lymphatic CD45* or CD4" cell infiltration when comparing WT with
T-betkKO mice (Fig. 3a—c; £=0.26 and P=0.17, respectively). However, T-betKO mice did
display a decrease in the number of peri-lymphatic F4/80* cells as compared with WT
controls (Fig. 3a, d; 2= 0.0034). In contrast, CD4KO mice as well as STAT6KO mice had
significantly decreased peri-lymphatic accumulation of CD45* leukocytes, CD4™ cells, and
F4/80% cells as compared with WT or T-betKO mice. As expected, that inflammatory cell
accumulation was lowest in CD4KO mice. Nevertheless, these findings show that impaired
Th2 differentiation decreases peri-lymphatic inflammatory responses while a defect in Thl
differentiation results in minimal changes in inflammation following lymphatic injury.

Impaired Th2 differentiation improves lymphatic collecting vessel pumping and collateral
lymphatic vessel development after lymphatic injury

The maintenance of unidirectional flow through spontaneous active contraction of smooth
muscle cells around collecting lymphatic vessels together with one-way valves is a major
component of lymphatic transport. In fact, it is estimated that collecting lymphatic vessel
pumping is responsible for nearly two-thirds of lymphatic volume movement at rest [36].
This mechanism is particularly important in limbs, in which lymphatic fluid is transported
against pressure gradients due to gravity. Based on this knowledge and the understanding
that lymphedema is associated with lymphatic dysfunction, we sought to study the effect of
impaired Th2 differentiation capacity on collecting lymphatic vessel pumping and the
cellular mechanisms that regulate this phenomenon using the PLND model of lymphedema
(Fig. 4). This model, in contrast to the tail model, does not cause significant edema but is
useful for analyzing collecting vessel pumping mechanics [22, 27, 37]. Both lymphatic
vessel pumping and collateral lymphatic vessel regeneration were assessed with ICG
lymphangiography 4 weeks after mice from each group underwent PLND [38].
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Similar to our findings of increased numbers of bridging lymphatic vessels across wounds
following mouse tail surgery (Fig. 2h, i), we observed many collateral lymphatic vessels in
the hindlimbs of CD4KO and STAT6KO mice (indicated by arrows in Fig. 4b). These
collateral lymphatic vessels appeared to branch from the main hindlimb collecting vessels
and drain diagonally across the limb in the direction of the inguinal lymph nodes, the
drainage basin immediately proximal to the excised popliteal lymph nodes. Meanwhile, WT
and T-betKO mice consistently demonstrated very few collateral vessels in this region. Such
finding suggest that CD4KO and STAT6KO have improved capacity for lymphangiogenesis
following lymphatic injury, a hypothesis that is supported by prior evidence that Th2
cytokines are potent anti-lymphangiogenic factors [6].

We next analyzed videos of the hindlimbs following ICG injection to quantify differences in
hindlimb collecting vessel contraction after PLND. This analysis demonstrated that CD4KO
and STAT6KO mice had significantly more frequent lymphatic contractions as compared
with WT (Fig. 4c, d; £=0.0051 and £=0.0016, respectively). In addition, we once again
found that T-betkKO mice were similar to WT mice with fewer contractions over time.
Notably, lymphatic contractions in WT and T-betKO mice were not only less frequent but
also of lower amplitude and less regular as compared with CD4KO or STAT6KO mice.

Studies have shown that inflammation has detrimental effects on lymphatic contractility by
promoting the expression of iNOS in inflammatory cells [39]. Increased accumulation of
iNOS subsequently results in increased global production of nitric oxide (NO) and is thought
to disrupt endogenous NO gradients produced by lymphatic endothelial nitric oxide synthase
(eNOS). This, in turn, induces lymphatic vessel dilatation and interferes with the rhythmic
sequence of lymphatic collecting vessel contraction and dilatation necessary for sequential
propulsion of lymph [40]. Indeed, we have previously found that mice with a global loss of
iNOS do not develop impaired lymphatic pumping following PLND [33]. Consistent with
this, we noted significant decreases in the number of peri-lymphatic iNOS™ cells in CD4KO
and STAT6KO mice as compared with WT or T-betKO mice (Fig 5a, b). We found that
STAT6KO mice had 30% fewer iNOS* cells within 50 pm of dermal lymphatic vessels in
the ipsilateral hindlimb than T-betKO mice (Fig. 5b; 2= 0.0003). These results indicate that
one mechanism by which Th2 cells negatively regulate lymphatic pumping is by mediating
peri-lymphatic inflammation and expression of iNOS.

Patients with lymphedema have progressive changes in their collecting lymphatic vessels
characterized by increased accumulation of lymphatic a-SMA cells and resultant vessel
obliteration [35]. We therefore analyzed the distribution and quantity of a-SMA* cells in the
hindlimb collecting vessels of the different mouse groups 4 weeks following PLND (Fig. 5c,
d). Co-localization of a-SMA and podoplanin around the vessels distal to the
lymphadenectomy demonstrated that CD4KO and STAT6KO mice had significantly
decreased a-SMA thickness as compared to WT and T-betKO mice (Fig. 5b; £=0.029 and
P=0.033, respectively, as compared to WT mice). Consistent with prior results, the
collapsed appearance of and a-SMA accumulation surrounding the collecting lymphatic
vessels harvested from WT and T-betKO mice mirrored clinical findings.
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Discussion

Current lymphedema treatment is largely palliative in nature and designed to prevent disease
progression by decreasing fluid accumulation with massage and compressive garments.
Advances in therapeutic options have been impaired by the fact that the pathology of
lymphedema is still unclear. Combined with previous reports, the findings in this study
confirm that inflammatory responses play a key role in the pathogenesis of lymphedema in
at-risk patients who endure lymphatic injury [4, 7]. These data provide additional evidence
that Th2 cell differentiation in particular is necessary for this response in preclinical models.

Previous studies have found that inhibition of Th2 cell-derived cytokines such as IL-4 and
IL-13 is effective at mitigating lymphedema development [5, 6]. Such reports have been
valuable and have even led to a human immunotherapy trial testing the efficacy of combined
IL-4 and IL-13 blockade for the treatment of lymphedema. However, while these cytokines
are characteristically associated with Th2 cells, they are also produced by and have effects
on other cell types [41, 42]; as such, inhibition of these cytokines does not specifically target
the effects of Th2 cells. In contrast, this study’s use of transgenic mice with defects in Thl
and Th2 differentiation, respectively, allows for more direct delineation of the role of Th2
cells in the development of lymphedema. It is important to note that the cellular and
molecular events contributing to Thl and Th2 differentiation are complex and, as is the case
with much of immunologic phenomena, cannot be narrowed down to an isolated pathway.
However, although studies have shown that the polarization of CD4" Th2 cells may be
influenced by STAT6-independent pathways, [19, 43, 44] the vast majority of studies
support an import role for this transcription factor [16, 19, 45]. Elo et al., for example, used
genome-wide profiling of IL-4 and STAT6 to demonstrate that STAT6 is critical to the
transcription required for the Th2 phenotype [46]. In addition, it is also important to note
that both T-bet and STAT6 contribute to processes other than T cell differentiation. For
instance, T-bet has been shown to contribute to natural killer (NK) cell developmental
pathways [47]. However, we have previously shown that lymphatic injury did not have any
significant effects on NK cells and that depletion of NK cells does not reverse lymphedema,
suggesting that changes in NK cell populations in our knockout animals would not have a
significant effect on the lymphedema phenotype [4, 33]. Despite these limitations, T-bet and
STAT6 continue to be regarded as important regulators of commitment to Thl and Th2
lineage, respectively, and the understanding of the effect of lymphatic injury in the absence
of these factors provides valuable information, particularly when taken in the context of our
prior findings in which we found that while lymphedematous tissue are infiltrated by both
Th1 and Th2 cells [4], Th2 cells appear to play a more important role in the pathology of
lymphedema by regulating fibrosis, overall inflammation, collateral lymphatic vessel
development, and collecting lymphatic vessel pumping [5, 6].

We found that the absence of Th2 differentiation resulted in a diminished fibrotic response,
as well as decreased inflammation. A less robust immune response with reduced expression
of Th2 cytokines also appears to correlate with improved lymphangiogenesis following
lymphatic injury. This is demonstrated by the presence of increased bridging lymphatic
vessels at the site of injury in the tail surgery model (Fig. 2h), in addition to a denser
collateral lymphatic vasculature as visualized by near-infrared lymphangiography in the
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PLND model (Fig. 4b). Although it is possible that the visualized collateral lymphatic
vessels in the near-infrared images are reflective of pre-existing alternative drainage
pathways, it is more likely that they are reflective of an improved capacity for
lymphangiogenesis. Not only have no studies have identified a link between inflammation
and the dilatation of pre-existing lymphatic collateral vessels, but prior reports have shown
that inadequate or impaired lymphangiogenesis following lymphatic injury plays a
significant role in the pathogenesis of lymphedema [48]. In fact, researchers have sought to
develop therapies that enhance lymphangiogenesis as a potential treatment for lymphedema
[49]. Furthermore, our findings are consistent with our prior study in which we
demonstrated that the Th2 cytokines IL-4 and IL-13 are potent anti-lymphangiogenic factors
[6]. Taken together, these results suggest that targeting of Th2 cells may result in improved
lymphangiogenesis, which may =in turn prevent or treat lymphedema.

Our results also indicate that one of the many mechanisms by which Th2 cells contribute to
lymphedema pathology is related to the promotion of peri-lymphatic iNOS expression,
which disrupts the sequence of lymphatic contraction and dilatation necessary for effective
lymph fluid transport. Lymphatic vessel pumping capacity is also concurrently affected by
structural vessel changes resulting from the positive effect of Th2 cells on the accumulation
of a-SMA around collecting lymphatic vessels. It is likely that this response is progressive
and that with worsening lymphedema, the cellular mechanisms that promote a-SMA
accumulation increase over time. These findings provide a mechanistic rationale for previous
studies demonstrating that lymphatic pump failure is a key mechanism in lymphedema
development clinically [50, 51]. In addition, our results may also provide a rationale for the
observation that patients with increased lymphatic pump pressures prior to surgery have an
increased risk of developing lymphedema after axillary lymph node dissection [51]. It may
be that in this patient population, subclinical alterations in lymphatic clearance induced
proliferation of a-SMA* cells around collecting lymphatic vessels, thus increasing pump
pressures. Following surgery, these patients are therefore at increased risk for developing
lymphedema since the process of a-SMA accumulation around these vessels had already
begun. Therefore, increased lymphatic pump pressure in these patients may simply be a
clinical correlate of impaired lymphatic function.

This study is important because it suggests that Th2 cells may be an effective target for the
prevention and/or treatment of lymphedema. Additional research should be directed at
identifying the specific cytokines or, more likely, the combinations of cytokines that Th2
cells produce to induce lymphedema development, in addition to the factors that initiate Th2
differentiation, to maximize the effectiveness of any biologic options. Importantly, lessons
may be learned from research into therapies used for other Th2-mediated diseases for which
the pathophysiology is better defined. Asthma, for example, is well-known to be regulated
by Th2 cells and has been the area of focus for numerous clinical trials aimed at modifying
Th2 immunity [52-54]. Interestingly, studies have shown that targeting of IL-13, either
alone or in combination with IL-4, is effective in mild-to-moderate asthma, while selective
inhibition of IL-4 does not produce significant changes. Recently, however, more attention
has been directed at IL-5, another Th2 effector cytokine that is essential for eosinophil
regulation. Clinical trials of anti-IL-5 biologics have been shown to be promising for subset
of severe asthma and have also been tested for other Th2-mediated diseases such as chronic
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rhinosinusitis and atopic dermatitis [12, 54]. Research involving atopic dermatitis is
particularly interesting, given that it is similar to lymphedema in that it is also an
inflammatory disease of the skin. Much like our preliminary findings with monoclonal
antibodies directed toward IL-4 and IL-13 in the mouse model of lymphedema [5], the use
of dupilumab, a human antibody that blocks the same cytokines, has shown promise for
patients with severe atopic dermatitis [12, 55]. It remains unknown whether blockade of
these or other cytokines will play the same role in lymphedema, but this direction of
research has the potential to change the standard of care for this morbid disease.

In conclusion, we have found strong evidence that the differentiation of Th2 cells
isnecessary for the manifestation of edema, fibroadipose deposition, inflammation, and
lymphaticdysfunction in lymphedema. These novel findings contribute mechanistic insights
andcorroborate previous reports. In addition, our study provides further rationale for
modulation ofthe Th2 immune pathway in patients at risk for or with evidence of
lymphedema.
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Fig. 1. Lymphedema is associated with a mixed CD4* T cell infiltrate.
(a) Schematic diagram of experimental protocol. Flow cytometric analysis performed 6

weeks after tail skin incision without lymphatic excision (sham surgery) or tail skin and
lymphatic excision (lymphedema). (b-d) Representative flow cytometric plots and
quantification of CD457CD4* T cells (b), CD45"CD4*CXCR3*CCR5* Th1 cells (c), and
CD45*CD4*CCR4*CCR8* Th2 cells (d) in distal tail skin and subcutaneous tissues (7= 5-
6 per group). Mean % s.d.; */<0.05, **/<0.01, and ***/~<0.001 by unpaired student’s t test.
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Fig. 2. STAT6 deficiency mitigates lymphedema development after tail skin and lymphatic
excision.

(a) Schematic diagram of experimental protocol. Analysis performed 6 weeks after tail skin
and lymphatic excision. (b) Representative photographs of mouse tails with white dotted
lines indicating 1 cm distal to incision, the point at which histological features were
analyzed. (c) Quantification of changes in tail volumes over time after surgery (n=7 per
group). (d) Representative H&E staining of tail cross-sections obtained at the location
indicated by the white dotted lines in part b with brackets indicating fibroadipose thickness.
Black boxes indicate areas at which subsequent collagen analysis was performed. (e)
Quantification of fibroadipose thickness (/7= 7 per group). (f) Representative
immunofluorescent images localizing type | collagen with LYVE-1* lymphatic vessels with
higher magnification above and lower magnification below; dotted arrows indicate diameters
of the largest lymphatic vessel in the representative images for each group. (g)
Quantification of dermal type I collagen deposition (¢pper) and LYVE-1* lymphatic vessel
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area (lower) (n= 6-7 per group). (h) Representative immunofluorescent images localizing
LVYE-1* lymphatic vessels at the surgical site. (i) Quantification of LYVE-1* lymphatic
vessels bridging the surgical site (7= 6-8 per group). Mean + s.d., unless otherwise
specified; *A<0.05, **F<0.01, and ***/<0.001 by one-way ANOVA with Tukey’s multiple
comparisons test. H&E, hematoxylin and eosin.
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Fig. 3. STAT6 deficiency mice have decreased inflammation after lymphatic injury.
Analysis performed 6 weeks after tail skin and lymphatic excision. (a) Representative

immunofluorescent images localizing CD45 (uppen), CD4 (middle), and F4/80 (/ower) with
LVYE-1* lymphatic vessels. (b-d) Quantification of CD45" (b), CD4™ (c), and F4/80* (d)
cells within 50 pm of lymphatic vessels in an area measuring 0.25 mm?2. Mean + s.d.;
*P<0.05, **P<0.01, and ***P<0.001 by one-way ANOVA with Tukey’s multiple
comparisons test.
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Fig. 4. STAT6 deficiency mice have improved collecting vessel pumping and increased collateral
vessel formation after lymphatic injury.

(a) Schematic diagram of experimental protocol. Analysis performed 4 weeks after PLND.
(b) Representative near-infrared lymphangiography images of the ipsilateral hindlimb
following ICG injection into the dorsal hindpaw. (c) Representative graphs depicting
lymphatic pumping as indicated by changes in ICG intensity over time. (d) Quantification of
ipsilateral hindlimb collecting lymphatic vessel contractions per minute (7= 6—7 mice per
group). Mean + s.d.; */<0.05, **/<0.01, and ***/~<0.001 by one-way ANOVA with
Tukey’s multiple comparisons test.
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Fig. 5. STAT6 deficiency decreases peri-lymphatic iNOS accumulation and collecting vessel
fibrosis.
(a) Representative immunofluorescent images localizing iNOS with LYVE-1* lymphatic

vessels 4 weeks following PLND. (b) Quantification of iNOS™ cells within 50 um of
lymphatic vessels in an area measuring 0.25 mm2, (c) Quantification of a-SMA thickness
around hindlimb collecting lymphatic vessels (1= 5-7 per group). (d) Representative
immunofluorescent images localizing PDPN with a-SMA around hindlimb collecting
lymphatic vessels 4 weeks following PLND. Mean + s.d.; */<0.05, **/<0.01, and
***0.001 by one-way ANOVA with Tukey’s multiple comparisons test. a-SMA, alpha-
smooth muscle acting; PDPN, podoplanin; PLND, popliteal lymph node dissection.
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