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Structured Technical Abstract:  
 
Rationale: Evidence indicates that cardiac allograft vasculopathy (CAV) begins in the micro-
vasculature (1). This study proposes developing a micro-vascularized endomyocardial tissue 
(MCT) model for characterizing how ischemia-reperfusion injury (IRI) during organ procurement 
is linked to CAV.   
Aims: We hypothesize that novel 3D bioprinting of etched matrices will guide co-culturing of 
functional cardiomyocytes (CMs) and endothelial cells (EC) derived from human induced 
pluripotent stem cells (iPSCs) to form MCT. Aim 1 is to matrix guide ECs to form perfused micro-
vessels. Aim 2 is to matrix guide CMs to synchronously paced contractions (Aim 2A) and, with 
ECs, to perfused MCT (Aim 2B). Aim 3 is to simulate IRI in MCT.   
Methods: To address Aims 1, matrix guiding will be applied to reproducibly produce functional 
micro vessels to 1 mm in diameter lined with ECs. With similar matrix guiding methods will be 
applied to reproducibly produce first contracting CMs (Aim 2A) then with the addition of ECs to 
form MCT (Aim 2B).  To address Aim 3, perfused MCT will be subjected to hypoxia and timed 
interruptions in perfusion at either 370C (“warm ischemia”) or transiently at 40C (“cold ischemia”). 
The duration of ischemia to reversibly depress contractile force development will be identified. 
After reperfusion, functional, immunohistopathologic and ultrastructural metrics of MCTs 
with/without ischemia will be compared.  
 
Significance. Phase I will lead to a human cell-based in vitro model of endomyocardial tissue 
containing both functional microvasculature and contracting CMs and an in vitro model of 
microvascular ischemia-reperfusion injuries in donor hearts.  
 
Anticipated Applications (Phase II). Significant changes in CAV-associated EC surface protein 
expression and morphology will be systematically studied. The effects of IRI on microvascular 
ECs that persist with restoration of MCT contractile function would support the hypothesis that 
MCT is a valid model for investigating the early microvascular injuries and potentially the risk 
factor(s) for development of CAV.  
 
LAY SUMMARY   
Heart transplantation is lifesaving for nearly 500 children each year in the US and Canada. 
Tragically cardiac allograft vasculopathy (CAV) is the leading cause of deaths after the first year 
in children after heart transplantation.  CAV irreversibly destroys the blood vessels of transplanted 
hearts. The only therapy for CAV is re-transplantation, but given the shortage of donor hearts, 
this is frequently not possible. The causes of CAV are poorly understood. One contributing cause 
of CAV is injury during transportation of the donor heart. Reducing this injury likely will reduce 
CAV. Our goal is to develop a model that contains many key elements of the pediatric heart and 
we can use to simulate the injury to donor hearts. Proposed is the building of heart tissue from 
human stem cells complete with its blood vessels formed using highly innovative micro printing 
techniques. We believe that we can simulate the donor heart injury in “synthetic” heart tissues to 
better understand the causes of CAV. Ultimately, we hope to investigate strategies and drugs that 
can be used to prevent and/or reverse CAV and the deaths of children and adults after heart 
transplantation.  
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RESEARCH PROPOSAL – PHASE I. 
 
Rationale and Alignment with Enduring Hearts (EH) Priorities  
 
Further investigation is needed to elucidate the multifactorial pathophysiological process of CAV 
(2). The nonimmune pathophysiological processes predisposing to CAV all share in common 
inflammatory injury leading to endothelial dysfunction.(3) Ischemia-reperfusion injury (IRI) is 
considered a significant nonimmune risk factor both for rejection and in the development of 
cardiac allograft vasculopathy (CAV) of transplanted pediatric hearts. Given the increasing 
evidence that CAV begins in the microvasculature as early as the first year post transplant (1), 
this study focused on the linkage between IRI during organ procurement and early CAV about 
which there is limited insights due, in part, to the lack of relevant in vitro models. This study 
proposes developing a human cell-derived model of endomyocardial tissue suitable for simulation 
of IRI to cardiac microvasculature with a focus on identification of risk factors for CAV.  
 
The MCT developed in this proposed study will have several key features. The genetic 
background will be human. The ECs and the micro vessels self-assemble with CMs promoting, 
and responding to, the signaling and cell-cell interactions that occur during normal cardiac tissue 
development and maturation. The modeling of ischemia will be enhanced by the work of 
contractions which also serves as a relevant metric to assess the effects of ischemia and 
reperfusion/recovery for each MCT. The intent is to characterize the expression of putative 
phenotype changes in the micro vessels induced by IRI screening for changes that have been 
suspected as increasing the risks for maladaptive innate and alloimmune responses identified in 
pediatric heart recipients. In Phase II, novel insights from the MCT model studies could be 
specifically investigated in analyses of endomyocardial biopsies of pediatric recipients 
with/without the occurrence/progression of CAV. 
 
This study is aligned with the Enduring Hearts priority to fund the development of strategies to 
prevent or reduce the post-transplant development of rejection, cardiac allograft 
vasculopathy (CAV) and/or graft failure. CAV is the major cause of late graft loss in pediatric 
heart transplant patients and ischemia-reperfusion injury is one of the recognized non-immune 
risk factors of CAV (2, 4). Microvascular dysfunction and loss of contractility are associated with 
ischemia-reperfusion injury and CAV (5).  
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BRIEF DESCRIPTION OF PHASE I & II STUDIES 
 
Reperfusion-injury plays a central role in CAV but remains poorly understood due, in part, to a 
lack of in vitro models to study the interaction between microvasculature and contracting CMs. 
This study is attentive to this problem. We will develop an in vitro model for endomyocardial tissue 
with microvasculature and contracting CMs and test the validity of this model against 
endomyocardial biopsies from pediatric heart transplant patients. Our objective in this study is to 
develop an in vitro model for endomyocardial tissue using human stem cells and containing 
microvasculature associated with contracting CMs. We will validate that our in vitro construct can 
model ischemia-reperfusion injury of the microvasculature in focused comparisons with published 
results (Phase I) and in future Phase II with comparisons with endomyocardial biopsies from 
pediatric heart transplant patients at the Texas Children’s Hospital (TCH) with moderate to severe 
CAV.  
 
DESCRIPTION OF PHASE 1 STUDIES 
 
Table I. Proposed Time Line 
 

PHASE I 

Timeline Year 1 Year 2 

Specific Aim 1 Specific Aim 2A Specific Aim 2B Specific Aim 3 

Constructing 
Endothelial Cell 
(EC) containing 
micro vascular 

tissue 

Constructing 
cardiomyocyte 

containing 
paceable and 
contracting 

cardiac tissue 

Constructing micro 
vascularized cardiac 

tissue (MCT) 

Using perfused 
MCT to simulate 

Ischemia 
Reperfusion Injury 

(IRI) 

 
 
 
Specific Aim 1: Optimizing in vitro model for coronary microvasculature though 
micropatterning. 
 
One of the major challenges in the field of pediatric heart transplantation remains the development 
of an in vitro model that contains a functional microvasculature.(6) Recently, a protocol was 
described to generate self-organizing 3D human blood vessel organoids from human induced 
pluripotent stem cells (iPSCs) that exhibit morphological, functional and molecular features of 
human microvasculature. These “organoids” can be differentiated via mesoderm induction of 
hPSC aggregates and subsequent differentiation into endothelial networks and pericytes in a 3D 
collagen I-Matrigel matrix.(7) In this study, a novel 3D bioprinting system, Bioink, is proposed to 
facilitate formation of a defined microvasculature associated with functioning cardiomyocytes.(8) 
There is published work describing 3D bioprinting of channels to form tissue constructs with 
“channels” that have inner diameters greater than 50 microns (and often greater than 200 



 5 

microns) (9). In our unique approach we design, fabricate and modify the hardware, software 
and the Bioink in our lab to create channels with true microvascular dimensions with arterioles 
(15 to 50 microns), capillaries (4 to 12 microns) and venules (20 to 60 microns).(10-12). Our novel 
Bioink approach employs enzymatic digestion of adipose tissue extracts and a novel bioprinting 
platform that increased the printing resolution to form microvessels. Using this approach in 
preliminary studies, we have applied our novel Bioink approach to form microvascular networks 
with internal diameters of 20 to 100 um that will line the luminal surfaces with human iPSC-derived 
ECs expressing CD-31, a recognized marker of endothelization. In the current study, we will use 
existing technology to bioprint a microvascular network with a defined geometry. Our end-point 
metrics for the generation of microvascular model will include immunohistology (CD31, type I 
collagen), microvessel geometry, assessed both histologically and by the ability to be able to 
perfuse the newly formed microvasculature. To explain further, we tested our ability to perfuse 
the newly formed microvasculature by culturing within a perfusion bioreactor and assessing fluid 
flow using doppler (13).  
 
Expected Outcomes for Aim 1. We have reported that isolated, intact microvessels embedded 
in 3D gels generate a new microvasculature by progressing through distinct vascular phases 
beginning with angiogenesis, leading to neovessel remodeling, followed by vessel maturation in 
a blood flow-dependent manner (10-12, 14). The goals of aim 1 are to Bioprint a stable vascular 
network and to establish conditions to maintain the vascular network in vitro. Based on our 
preliminary evidence and the experience of the team with the microvessel system, 
bioreactors/chambers, and biomaterials, we expect to generate a perfused microvasculature 
construct.  
 
Potential Problems and Alternative Solutions for Aim 1. We do not anticipate any feasibility-
related issues as all methods are routinely used in the collaborating laboratories. We are 
employing 3D bioprinting to fabricate the channel network because of the ability to readily 
change/implement network topology designs. While we are confident about our ability to bioprint 
a microvascular network within the 3D patches, we do need to optimize the placement of the 
microvessels and the distance between the microvessels. We will optimize the bioprinting 
variables to ensure proximal placement of the microvessels.  

 
Specific Aim 2:  
Optimizing the in vitro model of cardiac tissue through micropatterning (2A) and 
Development of an in vitro endomyocardial tissue model (2B).  
 
Specific Aim 2A: Optimizing the in vitro model of cardiac tissue through 
micropatterning.  
 
Contracting 3D patches containing beating CMs have been constructed in our preliminary studies. 
In specific, we have re-programmed human iPSCs to form contracting CMs.  Using these CMs 
with bioprinting we have produced contracting human cell-derived cardiac patches. We have 
developed an innovative method to bioengineer functional 3D cardiac patches by bioprinting 
iPSC-derived CMs coupled with a novel bioink developed in our lab, consisting of a formulation 
of alginate, gelatin and fibrinogen as the scaffold (15, 16). Individual fibers of 250 um are printed 
in a linear configuration and cross-linked using a novel formulation of thrombin and calcium 
chloride. These patches generate high twitch forces of 2 mN and express histological metrics 
consistent with heart muscle, such as alpha actinin, connexin43. Our lab has extensive 
experience in the fabrication of functional heart muscle and will leverage our experience for the 
development of the patch model for contracting CMs. In SA-2A we will prepare patch constructs 
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of contracting CMs and use electromechanical stimulation to increase the twitch force of 3D 
cardiac patches from 2 to 4 mN to bridge the functional gap between bioengineered and 
mammalian heart muscle.  
 
End-point metrics for Aim 2A will include functional, histological and ultrastructural analysis of 
the 3D cardiac patches. Contractile and electrical properties were used to measure cardiac patch 
function, while histological metrics were used to visualize cellular distribution. The effects of 
electrical stimulation and stretch on cardiac function are well characterized; an increase in twitch 
force is caused by an increase in cellular organization and increase in expression of contractile 
proteins (17, 18). We expect an increase in 3D patch twitch force and cellular alignment. We 
believe that the twitch force of 3D patches after electrical stimulation and uniaxial stretch 
will increase from 2 mN to a minimum of 4 mN. Studies have shown that electrical stimulation 
and uniaxial stretch have resulted in a 2-3-fold increase in twitch force (19-21). These values were 
obtained using electrical stimulation or uniaxial stretch alone; coupling both should provide similar 
results, if not better.  
 
Potential Problems and Alternative Solutions for Aim 2A. 
We are concerned about the number of variables in the bioreactor space. For example, the 
number of stretch parameters is large, including % stretch, stretch frequency and introduction of 
rest periods between to reduce muscle fatigue. We have used prior art in the field, along with our 
experience and best judgment to select a set of variables that we believe will led to maximum 
functional performance of 3D cardiac patches. Using a carefully guided iterative approach, we 
believe we will accomplish our desired objective of 3D cardiac patches with twitch force values of 
4 mN.  
 
Specific Aim 2B: Development of the Functional and Perfused MCT. 
 
One of the major challenges in the field of pediatric heart transplantation remains the development 
of an in vitro model that contains a functional cardiac microvasculature (6). There are currently no 
reported in vitro endomyocardial tissue models. A novel 3D bioprinting system is proposed to 
facilitate formation of cardiac tissue with defined microvasculature (8). We will develop an in vitro 
model with both microvasculature and contracting CMs, referred to as microvascularized cardiac 
tissue (MCTs). The optimal conditions for bioprinting microvasculature, CMs and bioreactor 
parameters will be coupled. This requires printing different components with different printing 
heads, Bioink optimization, placement of the vascular and contractile components, and 
optimization of bioreactor conditions for long term of the patch. The deliverable for this study will 
be endomyocardial tissue construct consisting of contractile cardiomyocytes responsive to 
electrical stimulation and uniaxial preloading, or stretch, that is embedded with perfusable 
microvasculature. Fluorescently tagged dextran will be perfused through the MCTs to determine 
leakiness of the microvessels; presence of fluorescent dextran in the media will suggest leaky 
microvessels. Media flowrate will be set by an automatic peristaltic pump and measured by 
calculating the volume of media dispensed per unit time.  
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Experimental Design for Aim 2B: 
Custom Bioreactors – Our bioreactors 
can simultaneously condition 3D patches 
with electrical stimulation, uniaxial 
stretch and perfusion (21, 22) (Figure 1).  
The hardware consists of 4 bioreactors, 
designed to house a single patch. Each 
of the 4 bioreactors is temperature 
controlled using a heating block. We 
have custom software to regulate all 
bioreactor parameters. Uniaxial stretch 
is regulated by a movable post attached. 
Electrical stimulation is regulated with 
two stainless steel electrodes placed in 
parallel to the cardiac patch. Media 
perfusion is controlled to each of the 4 
bioreactors using 2 independent 
peristaltic pumps, one for fluid inflow and 
the second one for flow outflow. During 

studies in aim 2 (with contractile 3D patches), we will use bulk perfusion, while in aim 3 (with 
microvasculature and contracting CMs), we will perfuse the microvasculature.  
 
Optimizing Cell Based Bioprinting Variables. Organized Deposition of Cellular 
Components of Microvascular Fragments using a 3D Bioprinting System - Initial 
experiments will be performed using a thin film of biocompatible polyethylene-terephthalate 
(Mylar) as a base material. We will utilize an electrospun scaffold for subsequent experiments. 
We will also evaluate several cell specific variables including different concentrations of fragments 
to produce a stable extrusion of construct. Following extrusion, the constructs will be placed in 
tissue culture media and incubated in a 37oC water jacketed CO2 incubator. Initial optimization 
studies will be conducted under static culture conditions and once optimal conditions are 
determined, the bioprinted vasculature will be moved to a perfusion system.  
 
Perfusion Culture of Microvasculature. The channel network will be constructed as a 
hierarchical tree with each branch order reducing in diameter from 1 mm to a final channel 
diameter of 100 μm. The step-wise reduction (and corresponding increase on the outflow side) in 
channel diameter is based on three considerations: 1) the smallest channel segment, at ~100 μm 
in diameter, is analogous to feed arteries in a native vascular tree, 2) for typical microfluidic flow 
rates, there will be ~10 dynes/cm2 at the smallest segment, 3) the diameter of each branch is ~3/5 
that of the parent channel (again, analogous to native vascular trees). The chamber to house the 
in vitro microcirculation is formed by casting PDMS walls on top of a glass slides. The lid will also 
be made of PDMS and contains ports that align with the end reservoirs of the channel network. 
 
Construct evaluation and experimental endpoints. Initial viability of cells will be assessed 
morphologically on a daily basis. The specific end point times of these experiments will be 7 and 
14 days with assessment of several parameters. Proliferation will be assessed by BrdU 
incorporation into vessel cell nuclei (assessed by immunostaining) and the average length of 
vessels that organize. The endothelial cell marker CD-31 and the basement membrane protein 
collagen type IV will serve as maturation markers of ECs, which has been shown to be sensitive 
to growth factor stimulation (23, 24). Vessel diameters will be quantified by measuring outside 
diameters of vessels using phase contrast microscopy (11, 12). Perfusion of media through the 
microvasculature will be verified using glycerol (red) followed by brightfield imaging (25). 

 
Figure 1 – Bioreactors for Electrical Stimulation, Stretch 
and Perfusion – (A) Bioreactor System (B) Software 
Interface – custom software (C) Uniaxial Stretch – movable 
post for stretch (D) Electrical Stimulation – stainless steel 
electrodes for electrical stimulation. (E) Perfusion – peristaltic 
pumps (P) used for media flow. 
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Novelty of the MCT Model. The MCT model represents bioengineered heart muscle containing 
both the microvasculature and contractile CMs, thereby representing an isolated in vitro model to 
study the effects of I/R on microvascular injury. Using the MCT model, we can accurately control 
the physiological environment and vary parameters like the ischemia time and investigate the 
resulting effects on vascular injury, something is that difficult with in vivo animal models. This is 
particularly important as using the MCT model, we can identify potential biomarkers of vascular 
injury and that can be used to indicate risk of graft rejection and onset of CAV in pediatric heart 
transplant patients. Furthermore, once potential biomarkers have been identified, the activity of 
these biomarkers can be blocked, thereby reducing the chances of graft rejection and CAV. This 
will lead to the development of novel therapeutics that can be used to reduce the onset heart 
rejection in pediatric heart transplant patients. The MCT model represents a powerful tool that 
can be used to development identify novel strategies to reduce the onset of CAV and graft 
rejection, thereby increasing the rate of graft survival in pediatric heart transplant patients.  
 
 
Specific Aims 3: Applying an in vitro human cell-based model of endomyocardial 
tissue (Aim 2B) to evaluate the effects of simulated ischemia-reperfusion on the 
Microvasculature (Aim 3).  
  
Background: Vascular Injury. An increasing body of data indicates that vascular injury and 
repair and homeostatic angiogenic responses following organ transplantation occur in a dynamic 
manner post transplantation. Clearly, events associated with efficient repair of the 
microvascular endothelium after ischemia-reperfusion injury and alloimmune-mediated 
damage will ensure long term graft survival (26, 27). However, sustained and uncontrolled 
microvascular injury and repair responses including leukocyte-induced angiogenic 
responses ultimately result in local tissue hypoxia and the induced expression of HIF-1α 
regulated genes (28). The paradigm described in this review identifies all these events as key 
features of the initiation of chronic rejection. In this manner, these microvascular changes can 
induce growth factors (VEGF A & B) and gene profiles that alter the intragraft microenvironment, 
and many events can be assessed as biomarkers. To date ongoing studies have validated the 
use of this paradigm for the development of early disease biomarkers. Ongoing studies have 
demonstrated that the overexpression of angiogenic factors including VEGF-A and VEGF-C and 
miRNAs associated with vascular stability serve as biomarkers of disease initiation and 
progression. 
 
Background: Ischemia Reperfusion. As illustrated in Figure 2 (29), periods of regional warm 
ischemia up to 20 minutes, would be expected to recover function with following reperfusion. As 
ischemia time is increased to 1, 3 and 6 hours, followed by reperfusion, there is progressive and 
irreversible loss of cardiac function and endothelial dysfunction. During pediatric heart 
transplantation, donor hearts are transported at 4oC up to 4 hours (5). Ischemic time and 
temperature have a major impact on reperfusion injury (5). A time-dependent response to 
reperfusion takes place, with reversible changes occurring within the first 30 minutes and 
irreversible changes leading to progressive myocardial necrosis extending from the 
subendocardium into the subepicardium after 1, 3 and 6 hours, respectively (30).  
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Figure 2 – Effects of Regional Ischemia Reperfusion Injury on Heart Muscle 

 
 
 
Background: Endothelial Cell (EC), Ischemia-Reperfusion Injury (IRI) and Non-alloimmune 
Responses in Transplanted Heart. 
 
Although cardiac I/R injury has been the subject of intense research over the last 80 years, the 
endothelium itself has received much less research attention, and remains incompletely 
characterized (31). Not only are ECs important modulators of vasomotor tone and tissue blood 
flow (32, 33). ECs also regulate the contractile state of CMs through autocrine and paracrine 
signaling molecules (34). Because we want to better understand how IRI is a risk factor for the 
subsequent development of CAV, we focused on how injured endothelium initiates recipient 
responses (35). It is clear that neutrophils, platelets and plasma proteins modulate the extent of 
myocardial injury and inflammation after an IR event. ECs are critical in activating these blood 
elements. Normally ECs form a barrier against inflammation by preventing neutrophil and platelet 
activation. Injury upregulates the expression of multiple surface proteins on ECs that lead to 
binding of leukocytes, platelets, and plasma proteins to the EC surface; this in turn leads to 
inflammation and further damage.  
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Per specific aim 3, the role of IR injury in the activation of these various effectors will be 
screened. The EC surface proteins 
that are associated with IR injury, 
specifically the selectins and 
immunoglobulin cell adhesion 
molecules (CAM), which have 
different time courses of activation 
and expression (Table 3). The 
earliest adhesion molecule 
expressed is P-selectin, which is 
constitutively expressed and stored 
in Weibel-Palade bodies located in 
the cytosol, and translocated to the 
EC surface within minutes of 
reperfusion. P-selectin is 
responsible for initial leukocyte 
binding on the endothelial surface. 
ICAM-1, a member of the CAM superfamily is expressed on ECs four to six hours after 
reperfusion. Both P-selectin and ICAM-1 are associated with leukocyte activation, but ICAM-1 
may be more important than P-selectin in initiating the migration of leukocytes across 
the endothelium and into the myocardium.  
 
 
Background: Endothelial Cells and Activation of Vascular Alloimmune Responses in 
Transplanted Heart. 
 
Several studies have indicated that intragraft microvascular EC activation is an early finding in 
CAV development (36, 37). Graft vascular ECs respond to cytokines and growth factors produced 
by infiltrating mononuclear cells that are associated with early reperfusion injury, acute rejection 
or chronic rejection (31, 38-42). It has been reported that both microvascular and large-vessel EC 
respond similarly to such stimuli (43). The induced expression of adhesion molecules and 
chemokines by EC result in the recruitment of leukocytes and the expression of MHC Class I and 
II molecules on donor graft EC enables the presentation of alloantigen to infiltrating lymphocytes 
(31, 44-46). In addition, it is increasingly appreciated that alloantibody-mediated injury to the graft 
primarily involves targeting of the EC, thus making EC injury and repair an important common 
pathway for analysis (39).   
 
 
Background: ECs as Antigen Presenting Cells (APCs) and T-cell Activation.  
 
Human and murine ECs constitutively express MHC I and II and therefore can be classified as 
antigen presenting cells (APCs) (47). ECs are classically described as ‘semi-professional’ APCs because 
they lack the costimulatory molecules CD80/CD86 and therefore lack the ability to prime naïve T cells (48). 
Though ‘semi-professional,’ ECs outnumber all other APCs in the body and the role of TCR-MHC 
interactions in T cell transendothelial migration is underappreciated and understudied. Within the 
context of transplantation, the endothelial barrier represents the first encounter between effector and 
memory recipient T cells and allo-MHC. The basic question of whether TCR-MHC interactions are required 
for alloreactive T cells to enter donor tissues is unanswered. EC injury in the coronary arteries of the donor 
heart could also affect these alloantigen responses. Preliminary data in experimental models of cardiac 
transplantation suggest that EC presentation of alloreactive major histocompatibility molecules 
(MHC) is an absolute requirement for transendothelial migration and adoptive transfer of both 
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polyclonal and antigen specific regulatory cell populations that affect allograft survival in various 
models (49). 
 
Specific Aim 3: Methods.  
 
The goal of Aim 3 is to apply an in vitro model of endomyocardial tissue to characterize its 
response to ischemia and reperfusion. We will apply the newly develop in vitro model with both 
microvasculature and contracting CMs, referred to as microvascularized cardiac tissue (MCTs). 
Our initial studies are designed to re-capitulate the periods of global ischemia that take place 
during transportation of donor hearts. Our initial study is designed to determine the effects of time 
of warm or cold no flow hypoxia on recovery of function over 24 hours of reperfusion. We 
anticipate that the extent of recovery of contraction of MCT will be similar to the extent of recovery 
of function of whole heart as affected by ischemic temperature, ischemic time and reperfusion 
thus validating the tissue model in the characterization of ischemia reperfusion injury.  
 
Experimental Design for Aim 3 
 
Experimental Design for Aim 3 - will consists of the following studies: 1) Bioengineer MCTs, 
containing both microvasculature and contractile CMs. 2) EC injury in MCTs after I/R Injury, 3) 
Identify in MCTs with and without IRI EC Biomarkers that are known to be related to EC 
Dysfunction and the development of CAV (50-52). 
 
Study 1 - EC Injury in MCPs after I/R Injury - We will test the two variables of time and 
temperature during ischemia in our in vitro MCT model. We will induce ischemia by reducing the 
fluid flow rate through MCT to zero for 3 different time points, 1, 2 and 4 hours as well as reducing 
the oxygen in the chamber to zero (29). For each of these three time points, media reperfusion 
will be re-initiated for 30 mins, 1, 3 and 6 hours. Two temperatures will be tested, 4oC (cold-
ischemia) and warm ischemia (37oC). Ischemia-reperfusion conditions will be simulated by 
stopping for 1, 2 and 4 hours at 37oC (warm-ischemia) or 4oC (cold-ischemia). Contractile function 
will be determined before and after reperfusion. Since evidence suggests that endothelial injury 
occurs prior to detectable cardiomyocyte injury, we will also be interested in identifying ischemic 
times at the threshold for effects on MCT prior to effects on recovery of the contractile function of 
MCT. Changes in EC cell dysfunction will be compared to MCT not subjected to ischemia. Non-
ischemia controls will consist of MCTs maintained under fluid flow conditions for the duration of 
the study.  
 
Methods: Characterizing Endothelial Cell Dysfunction after I/R. Our objective is to use the 
early events during I/R that result in vascular injury and EC dysfunction as a predisposing factor 
in subsequent CAV. As the initial step in this process, we will characterize EC markers after 
stopping (1, 2 and 4 hours) and re-initiating (30 mins, 1, 3 and 6 hours) fluid flow for different time 
points at 37oC (warm-ischemia) and 4oC (cold-ischemia). EC function will be characterized 
immunohistopathologically (CD34, CD31, vWR, ICAM-1, VCAM-1), functionally (NO bioactivity, 
response to acetylcholine, serotonin and HLA expression) and RNA sequencing.  
 
End-point metrics for Aim 3 will include measures of EC function (response of perfusion flow to 
nitric oxide (NO), acetylcholine and serotonin), immunohistopathology (CD34, CD31, vWR, ICAM-
1, VCAM-1), and RNA sequencing. contractile function, and electron microscopy to assess 
ultrastructural changes. Results will be compared with MCT not subjected to ischemia. In the 
future stage II a systematic comparative analysis will be performed of the identified “markers” of 
IRI-induced endothelial dysfunction in MCT will be compared in similar analyses performed is 
endomyocardial biopsies from pediatric heart transplant patients with and without CAV. 
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Expected Outcomes for Aim 3 – We expect a decrease in twitch force of patches, correlated to 
ischemia time. We expect injury to ECs, manifesting as cell swelling, loss of integrity of 
intercalated discs and an increase in the expression of adhesion receptors ICAM-1 and VCAM-1, 
increase in the HLA expression, similar to the response of ECs to ischemia-reperfusion injury (53, 
54). We expect to identify at least a single biomarker, likely additional biomarkers, of EC 
dysfunction in response to I/R that can be used as a predictor of graft rejection and the 
predisposition of CAV. We expect a decrease in twitch force of patches, correlated to ischemia 
time. We expect injury to ECs, similar to the response of ECs to ischemia-reperfusion injury (53, 
54).  
 
In Phase II we will determine if changes in patch function and ultrastructure to correlate with 
endomyocardial biopsies from pediatric patients at TCH. Furthermore, we expect reversible 
changes after shorter periods of ischemia (1 hour) followed by 30 minutes of reperfusion, 
consistent with published results (2). We also expect to identify at least a single biomarker, likely 
additional biomarkers, that will be used as a predictive tool for graft rejection and the onset of 
CAV. We expect changes in patch function and ultrastructure to correlate with those reported in 
EMBs. Furthermore, we expect reversible changes after shorter periods of ischemia (1 hour) 
followed by 30 minutes of reperfusion, consistent with published results (2).  
 
Potential Problems and Alternative Solutions for Aim 3. We may encounter difficulty in 
simulating graded ischemia perfusion injury by using zero flowrate and hypoxic chamber 
conditions. It is possible that we may not see graded degrees of mild, moderate and severe 
microvascular and contractile injury as isolated CMs can survive with a small amount of residual 
oxygen.(55) However, ultrastructural and functional abnormalities have been produced in 
isolated CM with prolonged hypoxia (30). Furthermore, this potential problem should be 
minimized by the combination of no perfusion and hypoxic environment in the multicellular patch 
preparations.  Nevertheless, in order to achieve an established end point of severe injury, we 
can use chemically induced metabolic inhibitors, 2-deoxy--glucose and 1 mM cyanide (DOG-
CN) if necessary (55). DOG inhibits glycolysis and CN inhibits the TCA cycle in the mitochondria. 
DOG-CN will be tested in conjunction with flowrate reduction models to simulate ischemia 
reperfusion injury. 
 
 
INNOVATION AND SIGNIFICANCE 
 
Innovative Strategy to Re-engineer Microvasculature. One of the major challenges in the field 
of pediatric heart transplantation remains the development of an in vitro model that contains a 
functional cardiac microvasculature (6). A novel 3D bioprinting system is proposed to facilitate 
formation of cardiac tissue with defined microvasculature (8). While there is published work 
describing 3D bioprinting of channels to form tissue constructs, our approach remains highly 
novel as we design, fabricate and modify the hardware, software and the bioink in our lab and do 
not rely upon commercial sources. Unlike the printing of channels that have inner diameters 
greater than 50 microns (and often greater than 200 microns) the microvasculature we engineer 
using 3D bioprinting exhibits true microvascular dimensions with arterioles (15 to 50 microns), 
capillaries (4 to 12 microns) and venules (20 to 60 microns) (10-12).  
 
Modelling for CAV. CAV is the major cause of late mortality in pediatric heart transplant patients 
(5). Ischemia-refusion injury is one of the non-immune risk factors for CAV and remains poorly 
understand due, in part, to a lack of in vitro models that contain both the microvasculature and 
contracting CMs (2). We will develop such a construct in this study, termed microvascularized 
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cardiac patches (MCTs), using human iPSC-derived ECs and CMs. We will bioengineer both the 
microvasculature and contracting CMs to resemble endomyocardial tissue. The MCT model will 
be used to study the effects of ischemia-reperfusion injury on ultrastructural and functional 
changes in the microvasculature and CMs. Once the MCT model has been validated to replicate 
in vivo injury responses, it can be studied as a model for early microvascular CAV. 
 
TEAM AND TEAM CAPABILITIES  
 
Dr. Sundeep Keswani, PI – Surgical Director at Texas Children’s Hospital, will assume a 
leadership role in this study and will serve as PI. Dr. Keswani is an expert in inflammation as it 
relates to cardiac diseases and the relationship between activated ECs and CMs. Dr. Keswani is 
the PI of an NIH R01 funded project (NIH R01, R01 HL140305) to study the role of inflammation 
in the formation of fibrotic lesions during discreate aortic stenosis in pediatric patients. Many of 
the tools developed during this funded study will be related to the proposed study. For the current 
study, Dr. Keswani will assume a leadership role and serve as PI and assume all responsibilities 
that come with it. Dr. Keswani will be the point of contact at Enduring Hearts and will be 
responsible for all communication, progress reports and adherence to the policies and procedures 
of the funding agency. Scientifically, Dr. Keswani will work with Drs. Birla and Williams on the 
development of the in vitro model for microvasculature (aim 1) and contracting CMs (aim 2 and 
3), with Dr. Buja on the ischemia-reperfusion studies (aim 3), and with Dr. Heinle to obtain 
endomyocardial biopsies needed for the study (aim 3).  
 
Dr. Birla, PI – CSO, BIOLIFE4D, is a thought leader in the field of cardiac tissue engineering. 
Over the years, Dr. Birla has published over 50 manuscripts in the area of functional tissue 
engineering and 9 patents at different stages of the process. Dr. Birla is an expert in the 
development of contractile elements of 3D cardiac patches and the preliminary data presented in 
this grant application has been generated in Dr. Birla’s lab. Furthermore, Dr. Birla is a thought 
leader in the development of bioreactors for electromechanical and have been working in this field 
for over 10 years. The bioreactors presented in this study were developed by Dr. Birla in his lab 
over a period of 8 years and 6 design iterations. Dr. Birla will assume a leadership role in the 
development of the in vitro model for contractility, as described in aim 2 and the model for both 
microvasculature and contracting CMs, as described in aim 3. In addition, he will work with Dr. 
Williams on development of the in vitro model for microvasculature, as described in aim 1 and 
aim 3.  
 
Dr. Williams, Co-I, Distinguished Professor, Department of Cardiac Surgery, University of 
Louisville, is a thought leader in the field of microvasculature. He has worked in the field of 
vascularization for over 20 years and has over 60 papers in the field. The preliminary data 
presented for aim 1 in the grant application has been generated in the lab of Dr. Williams. Dr. 
Williams will be responsible for all studies related to the development of the microvasculature (aim 
1) and the microvascularized cardiac patches containing both the microvasculature and 
contracting CMs (aim 3).  
  
Dr. Buja, Co-I, Professor of Pathology and Laboratory Medicine, UT Health, is a thought leader 
in the molecular mechanisms the regulate the onset of ischemia reperfusion injury as they relate 
to CAV. Dr. Buja is also the Chief Pathologist at the Advanced Heart Failure Center, UT Health, 
where he has analyzed over 250 human hearts for ischemia reperfusion injury and rejection, as 
related to this project. Dr. Buja has extensive experience in multiple phases of cardiovascular 
pathology with over 500 publications, 19,000 citations and an h index of 74. For this study, Dr. 
Buja will assume a leadership role for the studies described in aim 3, which involve 
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subjecting the microvascularized cardiac patches to ischemia-perfusion injury and 
studying the histology and ultrastructure of the ECs and CMs.  
 
Dr. Heinle, Co-I, Associate Professor of Pediatric Heart Surgery, conducts hundreds of delicate 
pediatric heart surgeries every year, including pediatric heart transplants. Dr. Heinle is an expert 
in the area of cardiac allograft vasculopathy and understands the problems from a clinical 
perspective. In addition, Dr. Heinle is well published in this area and understands both the clinical 
problem and molecular insight into CAV.  
 
Dr. Dreyer, Co-I, Medical Director, Heart Failure, Interventional Cardiologist, is responsible for 
managing 110-120 pediatric heart transplant patients annually, out of a total 200 patients per year 
at TCHs. Dr. Dreyer is responsible for obtained EMB specimens for routine surveillance of 
pediatric heart transplant patients and for this study, he will make these samples available for the 
proposed work, as described in aim 3.  
 
  



 15 

APPENDIX 1: Detailed Bioprinting Protocol.  
  
Fraction I bovine fibrinogen will be dissolved at a concentration of 100 mg/mL in 90% 
1,1,1,3,3,3hexafluoro-2-propanol in minimal essential medium. The fibrinogen solution will be 
dispensed via syringe pump (1.5 mL/h) at +20 to +25 kV DC toward an oscillating stainless-steel 
mandrel rotating between 1000 and 5000 rpm to form a thin mat.  
 
Printed constructs will be prepared using the BioAssembly Tool (BAT). The BAT is composed of 
a computer-controlled stage, which permits independent x and y translation with 500 nm 
resolution, and a z-translational print head independently controlled with the same resolution. The 
system is currently configured with 2 independently controlled dispensing systems, a servo-
controlled displacement pump and a pneumatic-controlled air. Each syringe cartridge contains 
copper coils that are plumbed to separate temperature-controlled circulators. In this manner, we 
are able to maintain precise control of sample temperature while bioprinting. While printing, 1 
syringe is lowered to the printing surface. Cameras attached to the syringe cartridge permit real-
time monitoring of the printed structures. Either syringe may be lowered to the printing surface at 
any time during the printing run. Calibration between syringes permits x/y/z accuracy of +/- 10 um 
and x/y precision of +/- 2 um. 

 
Bioprinting designs will be first scripted, then compiled by Machine Tool software, and then 
uploaded to the BAT. Separate, sterile 5 mL syringes equipped with low-viscosity pistons will be 
aseptically filled with either RFMF-collagen or sterile 40% (wt/vol) Pluronic F127 in PBS. Syringes 
will then be inserted into the precooled displacement pen (RFMFcollagen) and the room-
temperature air syringe (F127) of the BAT. Following polymerization of the collagen at 37°C, the 
F127 will be rinsed away with cold saline.  

Preliminary Data: Our Bioprinting 
Capabilities - We’ve been using 3D bioprinting 
methods for over 20 years beginning with the 
development of the first prototype (8). A 3D 
bioprinting system will be used to establish 
patterns of adipose derived microvascular 
fragments in gels using layer by layer biologic 
additive manufacturing. We have developed a 
3D bioprinting system (Figure 3A), with the 
ability to bioprint using 4 dispenser pens 
(Figure 3B) and have evaluated the viability of 
cells in this system using varying pen tips 
(Figure 3C). The proposed studies will further 
our evaluation of the ability to use 3D 
bioprinting to establish 3D tissue constructs 
containing a pre-formed microvasculature. As 
part of the studies proposed in Specific aim 1, 
we will establish optimal design of the delivery 

pens, microdispensing pumps and bioinks to support the formation of stable microvascular 
constructs. 
  
 
 
 

 
Figure 3 – Our Bioprinting Capabilities – (A) Our 
Bioprinter - (B) Bioprinter Dispenser - The 3D 
bioprinter we have developed with the nScrypt 
Corporation has 4 dispensing pens. (C) Control Over 
Printing Parameters - Control of gel extrusion using 
different delivery pens. 
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APPENDIX 2: Optimizing Material Based Bioprinting Variables: Deposition of Organized 
Patterns of ECs Cells using a Direct Write Tool. Preliminary studies have established our ability 
to bioprint 3D constructs using the direct write printing system. The proposed studies will evaluate 
the use of different printing conditions and modifications in the sol-gel system used for cell 
delivery. The variables to be studied are: the type of gel/solution used to form constructs, 
dispenser pen tip design, fragment density and additions to the gels to stimulate microvascular 
maturation.   

 
Our Bioink Technology - These studies will be 
performed using rat epididymal fat derived 
microvascular fragments according to our 
published methods (11, 12). A solution of 
fragments suspended in gels/gel forming 
materials will be transferred into a delivery 
syringe and placed into our 3D bioprinter 
(Figure 4A). The feasibility of bioprinting 
microvascular fragments in gels vessels is 
illustrated in Figure 4B. As can be seen in 
Figure 4B, we can bioprint individual capillaries 
as well as interconnected microvascular 
networks. Initial experiments will be performed 
using a thin film of biocompatible polyethylene-
terephthalate (Mylar) as a base material. The 
luminal surface of the microvasculature will be 
lined with iPSC-derived ECs and will be 
perfused with cell culture media.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 – (A) Our Bioink - General methods for the 
isolation of adipose microvessel fragments from rat 
epididymal fat and subsequent 3D bioprinting of 
constructs. (B) 3D Printed Microvasculature - 
illustrating the ability to bioprint blood vessels. Top: 
Single capillary, Bottom: interconnected 
microvasculature. The bioprinted fragments are 
isolated from GFP rats (top) and in vitro angiogenesis 
and sprouting is present (bottom). 
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APPENDIX 3: Preliminary Studies for Aim 2.  
 
During preliminary studies, we developed a novel model to bioprint 3D cardiac patches using 
iPSC-derived CMs; twitch force values of 2 mN have been recorded and histology metrics 
demonstrate heart muscle formation based on staining for alpha actinin, connexin43 and type I 
collagen (15, 16). The twitch force of contraction of human left ventricles has been reported to be 
13 mN (56) and the purpose of this study is to bridge the functional gap between bioengineered 
and mammalian heart muscle. The objective is to replicate in vivo signals during in vitro culture 
of cardiac patches using bioreactors for electromechanical stimulation. The goals of this study are 
to make use of coupled electromechanical stimulation to increase the twitch force of contraction 
of 3D cardiac patches from 2 mN to 4 mN. 
 

Preliminary Data: Contracting 3D Cardiac 
Patches. 
 We have developed an innovative model for 
contractile 3D cardiac patches using iPSC-derived 
CMs (15, 16). A commercial source of iPSCs was 
used, generated from human mononuclear cells 
and reprogrammed to form CMs based on a 
published protocol (57). A novel bioink was 
fabricated using a specific combination of gelatin, 
fibrinogen and alginate. After optimization studies, 
it was determined that 60 million iPSC-derived 
CMs per ml were optimal. In addition, 2% primary 
cardiac fibroblasts and 8% iPSC-derived ECs 
were added for optimal results. Cardiac patches 
were printed at room temperature and after 
bioprinting, were cross-linked using a mixture of  

thrombin and calcium chloride and maintained in 
culture for up to 14 days. Histological metrics 
showed positive staining for alpha-actinin, 
connexin43 and collagen type I (produced by 
cardiac fibroblasts), vWR (endothelial cell marker), 
all consistent with the formation of heart muscle 
(Figure 5). Functional data showed a one to one 
correlation between EKG pulses and twitch force 
and electrical pacing at varying frequencies, all 
consistent with the formation of functional heart 
muscle (Figure 6).  
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 5 – Histological Assessment– (A-D) We noted 
positive staining for (A) α-actinin, (B) connexin43, (C) 
collagen type I and (D) vWF.  Merged (E) and individual 
(F) z-stack images show 3D distribution of these proteins 
within the 3D cardiac patch.    

 
Figure 6 – Functional Assessment of 3D Cardiac 
Patches – (A) Twitch Force and EKG Recordings – 
twitch force values of up to 2 mN were recorded. (B) 
Pacing Characteristics – one to one correlation with 
electrical impulse was noted.    
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APPENDIX 4: PHASE II Studies 
 
There will be two studies in Phase II, see table below.  

• Study 1 – Identify Markers of EC Dysfunction, and  
• Study 2 – Develop a predictive tool for graft rejection.  

 

PHASE II STUDIES 

YEAR Year 1 Year 2 Year 3 

STUDY Identify Markers of EC 
Dysfunction 

Develop a Predictive Tool for 
Graft Rejection 

 
Study 1 - Identifying Biomarkers for Vascular Dysfunction – the goal is to identify biomarkers 
of EC dysfunction after I/R injury that are can be used as a predictive tool to identify subsequent 
CAV; in addition, and as described next, we will develop counter measures to negate EC 
dysfunction and thereby reduce the risk of graft rejection and CAV. Beyond clinical utility, 
biomarkers may also offer further insights into the complex CAV disease pathogenesis and 
identify novel therapeutic targets and despite mounting enthusiasm and investigations to date, a 
robust biomarker for CAV has not been identified. Potential targets for biomarkers can be broad, 
and include markers for apoptosis, inflammation and platelet coagulation and activation. However, 
in this study, we will limit the scope of our biomarker development to those indicated in vascular 
dysfunction after early events of I/R injury.  
 
In Phase 1, study 2, we propose to subject the MCPs to multiple I/R regimes, warm vs cold, 1, 2 
and 4 hours of ischemia followed by 30 minutes, 1, 3 and 6 hours of reperfusion. After completing 
the studies in study 2, we will select a single I/R regime, one that results in EC dysfunction in MCP 
that is closest to EC dysfunction in controls, EMB samples at 6 months and 1 year. Histological, 
functional, genomic and proteomic analysis of MCP samples and EMP specimens will be 
conducted after 2, 4, 8 and 12 weeks after initiation of I/R regime. We will have a second group 
of controls; EMB samples that are obtained from pediatric patients that show positive signs of 

CAV and graft 
rejection. This second 
group of controls will 
show elevated levels 
of biomarkers that are 
associated with graft 
rejection and onset of 
CAV. Figure 9 shows 
the experimental 
design for these 
studies.  

 
We will first subject the MCPs to a single I/R injury and next, we will conduct a global genomics 
screen by RNA sequencing of the ECs after 2 and 4 weeks after the I/R injury regime. During the 
1, 2- and 4-week time periods, the MCPs will be maintained in culture and at the defined time 
intervals, MCPs will be sacrificed for RNA sequencing. We will use two groups of controls and 
RNA seq data from the two groups of controls will be compared against MCP samples. First, EMB 
samples will be obtained from pediatric patients at early time points of 2- and 4-weeks post heart 
transplantation and compared against MCPs after 2 and 4 weeks in culture after I/R injury. In this 

 
Figure 7 – Time-points for Vascular Injury Studies 
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case, we will be looking for elevated levels of markers for EC injury as potential biomarkers. The 
second group of controls will be EMB samples that are obtained from pediatric patients that show 
positive signs of CAV and graft rejection, based on results of the pathology lab, and again, RNA 
seq data will be obtained. In this latter case, we will again look for an increase in the expression 
level of markers associated EC injury.  
 
Potential candidate’s biomarkers will be identified by comparing MCP and EMB samples at 2, 4, 
8 and 12 weeks and EMB samples that are positive for graft rejection; elevated levels in all three 
datasets will be viewed as a positive indicator for a potential biomarker of vascular injury after I/R 
injury that provides guidance into the development of CAV and graft rejection. The top three 
candidates will be selected and the role of the specific candidates in vascular dysfunction of ECs 
will be validated via loss of function studies. The gene of interest will be knocked down in the ECs, 
which will then be used to bioengineer MCPs and subjected to I/R regimes. We expect vascular 
dysfunction to be mutated in at least one of the 3 candidates. This single candidate will be labelled 
as a biomarker of vascular dysfunction in response to early events of I/R that can be used to 
predict CAV in pediatric patients after heart transplant.  
  
Study 2 – Develop Predictive Tools for Graft Rejection and the Onset of CAV – The previous 
3 studies of aim 3 are designed to identify at least one, and potentially additional biomarkers that 
can be used to link vascular injury resulting from early events in I/R injury to subsequent events 
leading to graft rejection and CAV. This study will tackle the challenge of utilizing the information 
from the previous 3 studies to develop a strategy to develop a predictive tool for pediatric patients 
with heart transplant; in other words, using the information from the first 3 aims, can we develop 
a predictive tool based on the early events of I/R injury that lead to EC dysfunction that will identify 
the relative risk of pediatric patients to develop CAV and subsequent graft rejection. We propose 
to obtain blood samples from a population of 24 pediatric patients, generate iPS cells and 
subsequently bioengineer MCPs. MCPs will be subjected to I/R injury as described before and 
RNA seq used to measure levels of markers of EC injury at weeks 2, 4, 8 and 12 weeks. Elevated 
levels of our selected biomarker will be correlated to the development of CAV and graft rejection 
by following these patients through the surveillance protocol at Texas Children’s Hospital. We will 
compare elevated levels in our biomarkers to elevated levels in selected patient population and 
link these to the development of CAV and graft rejection. Our goal is to confirm that MCPs 
samples that are bioengineered from pediatric patients that develop CAV and subsequent graft 
rejection, demonstrated elevated levels of our biomarker(s).   
 
Once tested and validated, we will develop a strategy that relies on a blood draw from pediatric 
patients after heart transplant. This blood sample will be used to generate iPS cells and 
subsequently, to bioengineer MCP that will be subjected to I/R. We can measure EC dysfunction 
in response to I/R injury and based on elevated levels of the biomarker(s) identified in this study, 
we can identify the risk of graft failure and preposition to CAV.  
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APPENDIX 5: Endomyocardial Biopsies (EMBs). 
 
We have recruited Dr. William Jeff Dreyer to our research. Dr. Dreyer is the Medical Director of 
Heart Failure, Cardiomyopathy and Cardiac Transplantation at Texas Children’s Hospital and 
Professor of Pediatrics at Baylor College of Medicine with over 30 years of clinical experience. 
Dr. Dreyer supervises the team that manages all patients with heart failure, determines what 
patients will need cardiac transplant and works through their process of listing. His team then 
manages all patients pre-transplant and post-transplant. A part of the post-transplant 
management includes routine surveillance for graft rejection. Endomyocardial biopsy at cardiac 
catheterization is considered the “gold standard” for rejection surveillance and in the vast majority 
of patients surveillance biopsies are scheduled post-transplant at 2, 4, 8 and 12 weeks, 6 months, 
and 1 year after transplant, and then annually thereafter. Greater than 220 biopsy procedures are 
performed at TCH each year and Dr. Dreyer, also an interventional cardiologist, performs about 
50% of the cases himself, or approximately 110-120 cases per year. For all heart transplant 
patients, 7 EMB specimens are obtained at each biopsy. Specimens are sent to the pathology lab 
where they are reviewed for cardiac rejection. If a patient presents with signs or symptoms 
concerning for rejection, then that patient may undergo a cath and biopsy off schedule from their 
routine surveillance and if determined to have rejection, they are managed with an enhanced 
immunosuppression regimen and subsequently re-biopsied in 2 to 4 weeks to assure the 
treatment has been effective and the rejection has been controlled. On average, approximately 
10-12 patients per year will show signs of rejection.  
 
EMB samples from pediatric patients 6 and 12 months after receiving a heart transplant without 
signs of rejection or CAV will be compared with the MCT. Our initial goal will be to compare the 
microvasculature of EMB samples (without CAV) with our MCT model (without IRI) to characterize 
the fidelity of our MCT model to the microvasculature of normal myocardial tissue. No additional 
EMB samples would be required for these comparisons to be made but samples obtained for 
diagnostic histopathology would be repurposed for additional analyses. EMB samples from 
patients that have been identified as showing angiographic signs of CAV based on the results of 
their angiography will also be of particular interest in this study. For this study, we will obtain an 
eighth EMB biopsy (after IRB approval and patient/family consent) from pediatric patients 
undergoing biopsy post-transplant with CAV and these specimens will be stored in the TCH 
biorepository. Specimens from patients demonstrating EMB-evidence of AMR or ACR rejection, 
will also be consented for an additional sample following treatment.  We will be able to compare 
the biomarkers and ultrastructure of EMB samples from patients demonstrating histologic 
evidence of rejection or angiographic evidence of CAV to the biomarkers and ultrastructure of 
vascularized patches after IRI. Ultimately our plan is to reconcile our analyses of the endothelial 
cells’ responses to IRI in the MCT model to similar analyses of endothelial cells in biopsy samples 
from pediatric heart transplant patients with CAV. We would also compare the MCT model biopsy 
samples from pediatric heart transplant patients without CAV to differentiate CAV-specific 
characteristics.  
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APPENDIX 6: ADDITIONAL DOCUMENTATION. 
 
LEAD INSTITUTION – Texas Children’s Houston, Houston, TX 
 
PRIMARY INVESTIGATOR:  
Dr. Sundeep Keswani, MD,  
Texas Children’s Hospital, Surgical Director of Basic Science Research 
Email: sgkeswan@texaschildrens.org, Phone: 513-680-8819  
Dr. Ravi Birla, PhD, Chief Science Officer, BIOLIFE4D 
2450 Holcombe Blvd, Suite J, Houston, TX, 77021. 
Email: rkbirla2@gmail.com, Phone: 713-474-3449 
 
GRANTS MANAGER:  
Dr. Monica Fahrenholtz, PhD 
1102 Bates Ave, C.0450, Houston, TX, 77030,  
Email: Monica.Fahrenholtz@bcm.edu, Phone:832-408-0275 
 
BUDGET AND BUDGET JUSTIFICATION  
We are requesting an annual budget of $149,000 in year 1 and $124,000 in year 2, or a total cost 
of $273,000 over the 2-year budget period.  
 

PERSONNNEL % Effort Support 
Requested ($) 

Fringe 
Benefits (30%) Total 

Dr. Keswani, MD, PI 2 0 0 0 
Dr. Birla, PhD, PI 5 0 0 0 
Dr. Williams, PhD, Co-I 2 0 0 0 
Dr. Buja, PhD, Co-I 2 0 0 0 
Dr. Heinle, MD, Co-I 1 0 0 0 
Dr. Dreyer, MD, Co-I 1 0 0 0 
Mr. Malik, Research Associate 100 $40,000 $12,000 $52,000 
     
Equipment     
BioX Bioprinter    $25,000 
     
Consumables  
Cell Culture Supplies $2,000/month x 24 months  
Bioprinting Supplies $1,000/month x Distributed over 24 months  
Histology, IHC Studies $2,000/month x Distributed 24 months 
Functional Studies (MCT and 
ECs) 

$1,000/month x Distributed over 24 months 

 
Year 1: 
Personnel: $52,000 
Equipment: $25,000 
Consumables: $72,000 
Total for year 1 = $149,000 
 
Year 2: 
Personnel: $52,000 
Consumables: $72,000 
Total for year 1 = $124,000 
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Total Project Cost - $149,000+$124,000 = $273,000 
 
PERSONNEL: 
 
Dr. Keswani, MD, PI, will assume a leadership role in this study and all studies will be conducted 
in his lab under his guidance and supervision. Dr. Keswani is a world renounced fetal surgeon 
and Director of Surgical Sciences at Texas Children’s Hospital. He is an expert in wound healing, 
fibrosis and the interaction of ECs in the inflammatory response. For this study, he will work 
closely on the development of the in vitro model for microvasculature and contracting CMs, as 
described in aim 1, 2 and 3 and also evaluate the effect of ischemia-reperfusion on microvascular 
and CM injury, as described in aim 3. All cell culture, bioprinting and histological and ultrastructural 
analysis will be conducted in his lab. Dr. Keswani will work closely with the research team, to 
include Drs. Birla, Williams, Buja and Heinle to ensure successfully completion of the proposed 
studies. He will host monthly meetings between the leadership team to discuss the progress of 
the studies. Dr. Keswani will be the point of contact for Enduring Hearts, will provide progress 
reports every 6 months and will provide all documents related to research compliance and 
finance. Dr. Keswani will dedicate 2% effort on this project, though he is not requesting salary 
support on this study.  
 
Dr. Birla, PhD, PI, will assume a leadership role in the development of the in vitro model for 
contracting CMs (aim 2) and combining both microvasculature and CMs (aim 3). Dr. Birla is a 
thought leader in the field of 3D bioprinting, vascularization and contractility and has been working 
in this area for the past 20 years. Dr. Birla will work closely with Dr. Keswani, and ensure 
successful completion of all bioengineering studies related to this study. Dr. Birla will be 
responsible for working with and supervising Mr. Malik. Dr. Birla will work closely with Mr. Malik, 
oversee the studies related to the model development, provide scientific insight into the design of 
the experiments, oversee the actual studies, data collection and interpretation. In addition, Dr. 
Birla will be responsible for troubleshooting all problems that arise during the course of these 
studies and also provide alternative solutions to ensure the success of the proposed studies. Dr. 
Birla will also be responsible for developing a successful partnership with Dr. Williams, who is 
serving as Co-I on this study on the development of the microvasculature. Dr. Birla will be 
responsible for working with Dr. Buja, who is serving as Co-I for aim 3. Dr. Birla will liaison with 
Dr. Heinle to obtain endomyocardial biopsies from pediatric heart transplant patients at TCH. Dr. 
Birla will participate in monthly meetings to discuss this project with the leadership team. Dr. Birla 
will dedicate 5% effort on this study, though he is not requesting salary support on this study.  
 
Dr. Williams, PhD, Co-I, will assume a leadership role in the development of the in vitro model 
for the microvasculature (aim 1) and for the combined model for microvasculature and contracting 
CMs (aim 3). Dr. Williams has been working in the area of vascularization for over 20 years and 
has the technology in place to bioprint microvasculature. Dr. Williams will work closely with Dr. 
Keswani and Dr. Birla, on this study and guide the studies. He will be responsible for experimental 
design, data collection and analysis, and troubleshooting and will assume a leadership role in the 
successful completion of all studies related to aim 1 and 3. Dr. Williams will participate in monthly 
leadership meetings to discuss this project with the leadership team. Dr. Williams will dedicate 
2% effort on this study, though he is not requesting salary support for this study.  
 
Dr. Maximilian Buja, PhD, Co-I, will assume a leadership role in investigating the role of 
ischemia-reperfusion on microvascular and CM injury, as described in aim 3. Dr. Buja is an expert 
in cardiac allograft vasculopathy (CAV) and the role of ischemia-reperfusion injury on CAV. For 
this study, Dr. Buja will be responsible for all studies relating to the role of ischemia on 
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microvascular and CM injury, as described in aim 3. He will be responsible for experimental 
design, data collection and analysis and troubleshooting. In addition, Dr. Buja will be responsible 
for all ultrastructural analysis of the vascular and contractile cells. Dr. Buja will work with Dr. 
Keswani, Dr. Williams and Dr. Birla on the development and validation of the in vitro model for 
microvasculature and contracting CMs. He will participate in monthly leadership meetings to 
discuss this project with the leadership team. Dr. Buja will dedicate 2% effort on this study, though 
is not requesting salary support.  
 
Dr. Heinle, MD, Co-I, will work with Dr. Dreyer to provide endomyocardial biopsies from pediatric 
heart transplant patients at TCH that will be used in aim 3. Dr. Heinle will participate in monthly 
leadership meetings to discuss this project with the leadership team. Dr. Heinle will dedicate 1% 
effort on this study, though he is not requesting salary support.  
 
Dr. Dreyer, Co-I, will be responsible for providing endomyocardial biopsies from pediatric herat 
transplant patients at TCH’s as described in aim 3. Dr. Dreyer will participate in monthly leadership 
meetings with the leadership team. Dr. Dreyer will dedicate 1% effort on this study, though he is 
not requesting salary support.  
 
Muhammad Malik, BS, Research Associate, is a bioprinting technician currently employed at 
BIOLIFE4D and works under the direct supervision of Dr. Birla. Once this study is funded, Mr. 
Malik will dedicate all his time on this study and will be based in the lab of Dr. Keswani at TCH. 
Mr. Malik has been trained by Dr. Birla on the techniques that are required for this study and he 
is an expert in bioprinting, iPSC culture, and iPSC differentiation to CMs. For this study, Mr. Malik 
will be responsible for bioprinting the microvasculature, as described in aim 1, bioprinting cardiac 
patches, as described in aim 2. He will also be responsible for bioprinting both the 
microvasculature and CMs, as described in aim 3 and will also conduct the ischemia studies 
described in aim 3. Mr. Malik will work closely with Dr. Keswani, Dr. Birla and Dr. Williams, on all 
aspects of the development of the in vitro model for microvasculature and CMs. In addition, Mr. 
Malik will work closely with Dr. Buja on the ultrastructural characterization of the vascular and 
contractile cells. Mr. Malik will spend 100% effort on this study and is requesting 100% salary 
support on this project. 
 
Equipment: We will secure a BioX Bioprinter from CellInk, dedicated to this study, at a cost of 
$25,000.  
 
Consumables: 
 
We are requesting a monthly budget of $2,000 to maintain, culture and expand iPSC and to 
reprogram the iPSC to form CMs. This includes all cell culture media and disposable cell culture 
supplies. Cell culture studies will continue for the 2-year duration of this study for a total cost of 
$48,000.  
 
We are requesting monthly budget of $1,000 for all studies related to bioprinting. This includes all 
biomaterials and all consumables for bioprinting of the microvasculature and CMs. Bioprinting 
studies will continue for the 2-year duration of this study for a total cost of $24,000.  
 
We are requesting $2,000 per month for all histology and ultrastructural characterization, including 
antibodies and all reagents related to staining and imaging. This cost is distributed equally over 
the 2-year study for a total cost of $48,000. 
 
We are requesting $1,000 per month for all functional studies, MCT twitch force and pacing 
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characteristics and EC function in response to I/R. This cost is distributed equally over the 2 year 
study for a total cost of $24,000. 
 


