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Abstract

A combined experimental and mathematical model of intermittent hypoxia (IH) conditioned
engineered tissue was used to characterize the effects of IH on the formation of in vitro vascular
networks. Results showed that the frequency of hypoxic oscillations has pronounced influence on
the vascular response of endothelial cells and fibroblasts.
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Oxygen tension is a key regulator in the angiogenic process required for sustained tumor
growth [1]. While universal to all solid tumors, this process is inefficient, leading to the
presence of both chronic hypoxia (CH; sustained low levels of oxygen) and intermittent
hypoxia (IH; the periodic cycling between hypoxia and normoxia). The effects of IH on
vascular development are poorly understood, due in large part to the difficulties of
controlling dynamic oxygen conditions [2]. Furthermore, the kinetics of IH measured in vivo
varies significantly, spanning frequencies on the order of minutes to days per cycle [3], and
fluctuating across tumors as well as within the same tumor [4]. Of particular interest is the
response of the endothelial lining of tumor blood vasculature, considering the critical role of
angiogenesis in tumor progression, and the fact that endothelial cells in normal (non-
cancerous) tissue rarely experience hypoxia. Relatively little is known about how IH
modulates endothelial cell function, although some reports suggest that IH may protect
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endothelial cells against apoptosis [5, 6], or even render them radioresistant [7]. In this note,
we investigate the capacity of endothelial cells to form new vasculature structures during IH.
We describe a combined experimental and mathematical model of thick, engineered tissue
exposed to IH, and use this model to characterize the effects of IH on the formation of
vascular networks in vitro.

A multi-chambered oxygen control system (Fig. 1A) was fabricated out of polymethyl
methacrylate (PMMA) and housed in a 37°C incubator. The LabVIEW controlled system
cycles premixed gases containing 1% O, 5% CO», 94% N3 (Coy, jow) and 20% Oy, 5%
COg, 75% N3 (Cog, high)- A dynamic fluorescence quenching-based oxygen sensor system
(PreSens, Germany) was used to monitor real-time oxygen levels within each chamber.

Endothelial colony forming cell-derived endothelial cells (ECFC-EC) were isolated from
human umbilical cord blood as previously described [8], and fed with EGM-2 (Lonza,
Wakersfield, MD, USA). Normal human lung fibroblasts (NHLF; Lonza) were cultured in
FGM-2 (Lonza). 1x108 ECFC-EC/mL and 2y108 NHLF/mL were suspended in a fibrinogen
solution (10 mg/mL; Sigma-Aldrich, St. Louis, MO, USA), mixed with thrombin (50
units/mL; Sigma-Aldrich), and pipetted onto a circular glass cover slip with an affixed
polydimethylsiloxane (PDMS) retaining ring as previously described [9]. Tissues were first
maintained at 20% O for 24 hours, and then transferred to the desired oxygen condition for
an additional 7 days. Supernatant was collected from the tissues on Days 1, 3, 5, and 7 and
analyzed for human VEGF-A protein production using ELISA (R&D Systems, Minneapolis,
MN, USA).

Tissues were fixed in 10% formalin, blocked with a 2% BSA (Sigma-Aldrich) and 0.1%
Tween 20 (Sigma-Aldrich) solution, and incubated with 1:200 mouse anti-human CD31
antibody (Dako, Carpinteria, CA, USA) followed by 1:500 Alexa Fluor 555-conjugated goat
anti-mouse 1gG (Invitrogen, Carlsbad, CA, USA). Vessels were analyzed using AngioTool
[10]. 5 random locations were analyzed in each of 9 tissues (n = 45) per experimental
condition. Statistical comparisons were performed using one-way analysis of variance
(ANOVA).

Fick’s second law was used to describe the mass balance of oxygen within the media and
tissue domains (Fig. 1B), assuming net diffusion in the z-direction only:
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where Cregia(z,t) and C(z,t) (mol Oo/m3, or % O,) are the concentrations of oxygen in the
media and tissue domains, respectively, and Dyegia and Diissye (M2/5) are the molecular
diffusion coefficients of oxygen in the media and tissue domains. The cellular oxygen
consumption rate (mol Op-m~3:s71) in the tissue domain was assumed to follow Michaelis-
Menten kinetics where pge) (cells/m3) is the volumetric cell density, Vimax (mol-cell™1.s71) is
the maximum rate of oxygen consumption, and K, (mol/m3) is the concentration at which
the oxygen consumption rate is half that of Vax. Values used for the parameters Dpmegias
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Diissuer Vimax and Ky were 3.0y1070 m%/s, 1.74107° m?/s, 3.6x107° mol/m3/s and 8.0y1073
mol/m3, respectively [11].

No flux boundary conditions were used except for the z = 0 boundary, which was exposed to
the externally applied time-varying oxygen profile Cop ex. 20% O was used for initial
conditions. The model was solved using the COMSOL Multiphysics time-dependent solver
for non-steady state analysis within the built-in module for diffusion-reaction equations. An
interpolation function was defined for each time varying boundary condition.

Our fabricated oxygen control system has a 90% response time to a 20% to 1% O, step
change of < 30 seconds, which contrasts sharply with commercially available incubators
(e.g. Eppendorf Galaxy 48R) that approach 30 minutes (data not shown). Thus, our system
may facilitate rapid and precise fluctuations in oxygen, which enables comprehensive
evaluation of IH with temporal dynamics (Fig. 1C) at the scale of minutes.

Most cells in vivo experience normoxia levels of ~5% O, and hypoxia as levels approach
~2% O, [12], but are adapted to in vitro culture under hyperoxic conditions (~20% O5).
Thus, our strategy for IH was to oscillate between 20% and 1% O, representing a high and
low (Coz,high and Coz 10w, respectively) value, yet maintain a mean oxygen level (Coz mean)
of 5% O,. This strategy would ensure a periodic decrease below 2% O, but maintain a
Co2mean consistent with normoxia. We explored a range of IH frequencies consistent with
those observed in vivo (Table 1). Here, we describe “frequency” as the number of cycles per
hour, where a cycle is defined as the sum of to high and toz jow (the time at Cop hign and
Co2.low, respectively), or the solid blue line segment in Figure 1C.

To our knowledge, there are currently no published mathematical models that characterize
the response of 3D cellularized tissues subjected to dynamic oxygen conditions. We
therefore created a non-steady state diffusion-reaction model with time-varying boundary
conditions, and used finite element simulations to predict the resulting oxygen distribution
(Fig. 2A). The notable difference between the oxygen profile imposed at the z = 0 boundary
(C(0,1); black line in Fig. 2A), and the oxygen profile at the base of the tissue (C(h,t); red
line in Fig. 2A) demonstrates the attenuation in transport due to diffusion and cellular
consumption. Furthermore, it confirms that for each IH condition, oxygen levels decreased
enough during the to 1o intervals to be considered hypoxic. Finally, we used our model to
predict Cop mean and found that all IH conditions were within 14% of the 5% O, control
condition (data not shown).

We next used our system to examine the effects of IH on the potential of endothelial cells to
form vessel networks in vitro. Interestingly, we found that most IH conditions demonstrated
greater vessel development compared to the constant 5% O, control, despite having similar
Co2mean- Thus, endothelial cells are sensitive to the temporal frequency at which oxygen is
delivered. Specifically, we observed a bell-shaped response, with IH 4 (frequency equal to
0.06 hr~1) demonstrating the most pronounced vascular enhancement (Fig. 2B,C).

Blood vessel formation is mediated by hypoxia inducible factor-1 (HIF-1) regulated
expression of pro-angiogenic proteins such as vascular endothelial growth factor (VEGF).
To investigate if the observed vascular response was related to VEGF production, we
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measured the total (accumulated) concentration of VEGF over the 7-day assay. We similarly
found that VEGF production is sensitive to the temporal frequency at which oxygen is
delivered (Fig. 2D), and further observed an analogous bell-shaped response with 1H 4
producing the highest amounts of VEGF. Well accepted as the most potent angiogenesis
promoting cytokine, it is clear that the frequency-dependent VEGF production is strongly
correlated to the frequency-dependent vessel development. However, considering that no IH
condition surpassed the VEGF level produced by the 5% O, control, it is evident that other
frequency-induced angiogenic factors are at play.

Our data reflects the time-dependent cellular response to hypoxia, in which the balance
between pro- and anti-angiogenic mediators is modulated by the severity and duration of
hypoxia. Short-term exposure (on the order of minutes to hours) may instigate the post-
translational modification of proteins or the activation of pre-existing proteins, most notably
the HIF-1 transcription factor [13], leading to VEGF production. Hence, it is likely that the
hypoxic exposure (to 1ow) in the higher frequency IH profiles in our study (i.e.
approximating IH 1) are sufficient to instigate a corresponding transcriptional response. In
contrast, prolonged hypoxic exposure has been shown to lead to endothelial cell death [14];
thus, as frequency decreases (i.e. approximating IH 6), the cells may respond in a fashion
more similar to chronic hypoxia, which is characterized by cellular stress and damage.
Future studies should focus on understanding the expression of angiogenic proteins other
than VEGF in response to IH to more fully understand the impact of IH on angiogenesis.

In conclusion, we presented an experimental platform, validated with a computational
model, capable of efficiently conferring temporal oxygen control of 3D tissues. We used this
system to demonstrate that IH stimulates vessel network formation and VEGF production in
a highly correlated fashion that is frequency-dependent. This work may inform how the
vascular tumor microenvironment responds to or modulates IH, and thus provides insight
into developing strategies for therapeutic intervention.
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Figure 1.
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A) The fabricated temporal oxygen control system facilitates in vivo-like IH dynamics. The
blue dotted line outlines a single incubation chamber. B) Each chamber may be subjected to
an external oxygen profile, Co ex, Which is applied to the z = 0 boundary of the media/
tissue assembly that is housed inside. C) A representative IH profile shown by the blue
dotted line is characterized by the cycling between Co high for toz high and Cop jow for
to2, 10w, With a mean oxygen level of Co mean. The blue solid line segment represents a

single cycle.
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Figure 2.
A) Experimental oxygenation conditions imposed at the z = 0 boundary are shown as a

function of time (black line). Finite element simulations were used to predict the oxygen
profile at the base of the tissue (red line). The time lag and dispersion effects are induced by
limitations in oxygen diffusion and reaction. B) Fluorescent images of CD31 labeled
endothelial cells show that IH may promote greater vessel network development than the
constant 5% O, control. Scale bar represents 100 um. C) Quantification of total vessel
network length demonstrates frequency dependence of IH conditioned tissues. *p < 0.05 and
**p < 0.001 compared to 5% O, control. D) Total accumulated VEGF in the conditioned
tissue samples reveal parallel frequency dependence.
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Table 1

Experimental oxygenation conditions of varying frequencies.

Condition Freauency  Total number  Cozpigh  toanigh  Coziow  tozjow

(hr'd) of cycles (%) (min) (%) (min)
H1 1.8 300 20 7 1 27
IH2 0.6 100 20 21 1 80
IH3 0.12 20 20 106 1 398
IH4 0.06 10 20 212 1 796
IH5 0.03 5 20 424 1 1591
IH6 0.012 2 20 1061 1 3978
5% - 0 5 constant - -
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