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A B S T R A C T

Implantations of Ventricular Assist Devices (VADs) have significantly improved quality of life and life expectancy of end-stage heart failure patients. However, 
despite the advancements in the VAD designs and patient management protocols, the VAD recipients remain at risk of attaining bleeding, infection, pump thrombosis, 
and stroke. Although blood trauma has been suggested as a critical factor in development of these adverse events, its consequences in inducing interactions between 
different types of blood cells are largely unknown.

Following our recent findings on erythrocyte and leukocyte trauma in VAD recipients, we decided to explore interactions between erythrocytes and leukocytes by 
perfusing human whole blood through two different types of VADs, HeartMate II (HMII) and HeartMate 3 (HM3), concurrently in their respective Blood Circulatory 
Loop (BCL). By using a flow cytometry assay, we found increasing association between erythrocytes and leukocytes as VADs propelled blood through their BCLs. This 
time-dependent intercellular association was shown by increasing concomitant events of stained CD235a (specifically expressed on erythrocytes) and stained CD45 
(specifically expressed on leukocytes) in the CD235a+ population. Compared to CentriMag (CM), which served as a control, VADs produced significantly higher 
concomitant signals. The findings described in this study have opened the need for further studies on a novel path for generation of adverse events that are commonly 
observed in VAD recipients, notably infection, pump thrombosis, and ischemic stroke.

1. Introduction

For end-stage heart failure patients that are refractory to medical 
therapy, implantation of a ventricular assist device (VAD) has now 
emerged as a life-defining option for them. Recent progress in VAD 
designs and their implantation procedures have enhanced the outcome 
of this therapy resulting in improved quality of life and life expectancy of 
VAD recipients. However, they are at risk of acquiring bleeding, infec
tion, and stroke [1–3]. Development of thrombosis inside the device is 
yet another major limiting factor inhibiting this treatment from 
achieving its full potential [4,5]. Current literature is awash with studies 
attempting to delineate the underlying mechanisms of these adverse 
events [6–8]. As a result, several pathogenesis models have been pro
posed. However, most of them recognize the critical roles of blood-cell 
trauma following VAD implantation [9–13]. Of all potential conse
quences deriving from blood-cell trauma, undue interactions among 
different types of blood cells in circulation have not been examined. This 

possibility would be potentially relevant for understanding the devel
opment of the above-mentioned adverse events, particularly infection 
and thrombi, in VAD recipients.

Much has been reported on mechanisms regulating interactions be
tween platelets and leukocytes [14-16] but little is known between 
erythrocytes and other types of blood cells. Although adhesion mole
cules on the erythrocyte cell surface have recently been proposed for this 
role [17,18], their pathophysiological significance has not been well 
characterized. Following our recent findings on erythrocyte [19] and 
leukocyte [13] trauma, we hypothesize that these two types of blood 
cells could indeed interact and have relevance in the development of 
adverse events from VAD implantation. To this end, we decided to take 
an initial step to address this hypothesis by performing in-vitro Blood 
Circulatory Loop (BCL) experimentation and examined the interactions 
between the two types of blood cells by flow cytometry. The initial re
sults outlined in this study suggest erythrocytes interact with leukocytes 
following the perfusion of human whole blood through VADs.
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2. Materials and methods

2.1. Ethical statement and blood procurement

The work described in this manuscript was conducted in accordance 
with The Code of Ethics of the World Medical Association (Declaration 
of Helsinki). For each experiment, de-identified human whole blood was 
procured from Our Blood Institute (OBI), a U.S. Food and Drug Admin
istration (FDA)-licensed blood center (FEI: 1626009) in Oklahoma City, 
Oklahoma, USA. The whole blood samples were from random healthy 
volunteer donors who met FDA requirements for blood donations and 
had consented to whole blood donation. The blood samples were used 
for experiments at VADovations Inc. laboratory, which was certified by 
its regulatory committee to conduct hemocompatibility studies on 
different blood circulatory devices. All experiments were conducted 
within 2 h of collection and completed on the same day of blood 
collection.

2.2. In-vitro blood circulatory loop (BCL) experiment

The HeartMate II (HMII), HeartMate 3 (HM3), or CentriMag (CM) 
was each connected to a BCL consisting of 3/8”x 9/16”x 35.5″ Tygon 
ND-100-65 hemocompatible tubing and a Medtronic R-38 Extracorpo
real Membrane Oxygenation (ECMO) bladder serving as a blood reser
voir. The circulatory loop (Fig. 1) was constructed based on the design 
originally proposed by the American Society for Testing and Materials 
(ASTM) for in-vitro continuous flow blood pump evaluation (ASTM 
Standard F1841-19) at room temperature [20]. Surface temperature of 
the BCL reservoir was monitored via an infrared thermometer (Fish
erbrand) at the start of perfusion (time 0), and every hour thereafter to 
ensure temperature did not fluctuate out of range. Pumps used 
throughout this study were recovered post-implant from patients 

without history of thromboembolic complications at the time of explant 
and cleaned according to our established protocol [21].

The CM, a mechanical circulatory support (MCS) device commonly 
used in ECMO, functioned as a control for this experiment. It is widely 
regarded as the benchmark for hemocompatibility testing of VADs, 
following a report suggesting it causes low levels of damage to blood 
cells [22]. A total of 4 experiments were performed and, in each 
experiment, all three devices were examined simultaneously in indi
vidual circulatory loops each containing 145 mL human whole blood. 
For each experiment, one unit (~500 mL) of acid citrate 
dextrose-anticoagulated human whole blood was used within 2 h of 
collection.

Blood was perfused at 4 L/min for 6 h under constant hemodynamic 
conditions as recommended by ASTM Standard F1841-19 protocol [20]. 
Differential pressure (ΔP) across the circulatory device was set at 80 
mmHg using a Hoffman clamp to apply afterload to the devices. The BCL 
was dismantled after each experiment and blood contacting compo
nents, including the pumps, were soaked in Tergazyme (Alconox Inc.), 
an anionic detergent containing a protease enzyme, enabling it to 
remove any protein deposits after whole-blood contact, then rinsed. 
They were subsequently immersed in diluted Simple Green solution 
(Sunshine Makers Inc. Huntington Beach, CA), a broad-spectrum disin
fectant and nonabrasive surfactant, to ensure complete removal of 
whole blood debris. Finally, they were thoroughly rinsed with water and 
allowed to dry completely before reuse in subsequent experiments. 
Before filling with human whole blood, all blood contacting surfaces of 
each fully assembled BCL were rinsed extensively with phosphate 
buffered saline (PBS).

2.3. Flow cytometry analysis

One mL blood samples were collected into low protein retention 

Fig. 1. Schematic diagram of In-vitro Blood Circulatory Loop (BCL). 1. R-38 ECMO Reservoir, Medtronic; 2. Sample port, 3/8″ outer diameter (OD) Luer-lock 
fitting with 3-way-stop-cock; 3. 3/8″ inner diameter (ID) hemocompatible Tygon tubing; 4. 3/8″ OD straight fitting; 5. 9PXL Flow Probe connected to TS410 Flow 
Meter, Transonic; 6. Load clamp; 7. Fluid filled (PBS) Outlet/Inlet Pressure Transducers, Medex/Smiths Medical connected to Hewlett Packard Patient monitor; 8. 
Pressure tap, 3-way-stop-cock connected to fluid filled (PBS) pressure transducers; 9. MCS device (CentriMag, HeartMate II, or HeartMate 3); 10A. CentriMag Inlet/ 
Outlet: 3/8″ ID hemocompatible Tygon tubing; 10B. HeartMate II Inlet/Outlet: 1/2″ ID hemocompatible Tygon tubing; 10C. HeartMate 3 Inlet: 1/2″ ID hemo
compatible Tygon tubing flared to fit pump inlet, Outlet: 3/8″ ID hemocompatible Tygon tubing; 11A. 3/8″ OD straight pressure-tap fitting; 11B. 1/2″ to 3/8″ OD 
pressure-tap fitting; 11C. 3/8″ OD straight pressure-tap fitting. Inlet/outlet diameters varied between MCS devices and was necessary to swap out tubing and fittings 
with matching diameters.
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microcentrifuge tubes (Fisher Scientific, Pittsburgh, PA) from the bulk 
blood control (baseline), as well as at time 0, and every hour thereafter 
through the sample port. Prior to sample collection from the loop, we 
first withdrew and discarded 1 mL blood that mostly constituted blood 
in the stagnant portion of the sample port. We then collected a 1 mL 
blood sample for the flow cytometry assay. Through the same sample 
port, we subsequently infused 2 mL of blood that we set aside from the 
experiment into the loop to keep its overall blood volume and pressure 
constant.

Erythrocytes in these samples were stained with mouse monoclonal 
antibody anti-human CD235a conjugated with phycoerythrin (PE) 
(ThermoFisher, MA) and leukocytes with mouse monoclonal antibody 
anti-human CD45 conjugated with allophycocyanin (APC) (Thermo
Fisher, MA). As controls, these cells were stained with appropriate iso
type antibodies conjugated with respective fluorophores. The 
fluorescent signals of the stained cells were subsequently analyzed by 
flow cytometry (Accuri C6, Becton Dickenson Co, NJ). To this end, we 
first gated cell populations of interest based on size (forward scatter vs 
side scatter density plot) then quantified the fluorescent events within 
this gated cell population. This gating scheme is illustrated in Fig. 4. The 
folds increase in the fluorescent CD235a+ and CD45+ events were 
plotted at different time points. In addition to quantifying fluorescent 
events of each individual fluorophore, we also examined those emitted 
concomitantly. The percentage of the concomitant fluorescence events 
relative to the number of CD235a+ events for each type of VAD were 
plotted at different time points over their respective baseline value.

2.4. Statistical analysis

Differences between data sets were assessed by Student’s t-test, with 
p values ≤ 0.05 being considered significant.

3. Results

We found no change in the extent of CD235a+ events at different 
time points during the 6-h perfusion of human whole blood through 
either HMII, HM3, or CM (Fig. 2A). In contrast, CD45+ events gradually 
increased from their respective baseline values (Fig. 2B). Compared to 
CM, HMII and HM3 induced significant elevation in the extent of CD45+

events after 2 h of perfusion and persisted largely as the perfusion 
continued for another 4 h.

Interestingly, we found that the percentage of concomitant CD235a+

and CD45+ events in the CD235a+ population gradually increased as 
well from their respective baseline values following the perfusion of 
human whole blood through the three MCS devices in BCL. As shown in 
Fig. 3, perfusion through HMII and HM3 resulted in significantly higher 
concomitant events than that observed for CM after 2 h of perfusion and 
persisted when blood perfusion continued to 6 h.

The longitudinal profile of the concomitant CD235a+ and CD45+

events (Fig. 3) mimicked closely to that of CD45+ events (Fig. 2B), but 
not CD235a+ (Fig. 2A). The observed trend for concomitant events 
suggested increasing formation of leukocyte-erythrocyte interactions 
when human whole blood was perfused through HMII, HM3 and CM. 
This suggestion was indicated by elevated fluorescence intensity of cell- 
bound anti-CD45 as well as concomitant anti-CD235a and CD45 after 6- 
h perfusion, but not anti-CD235a (Fig. 4). Overall, these data suggest 
significantly higher level of leukocytes and/or potentially leukocyte 
fragments/microvesicles (MVs) interacted with erythrocytes in human 
whole blood samples upon perfusion through HMII and HM3 than those 
through CM.

4. Discussion

Our study showed that perfusion of human whole blood through 
MCS devices led erythrocytes to form association with leukocytes in a 
time-dependent manner as concomitant CD235a+ and CD45+ events in 

the CD235a+ population were increasing over 6-h of perfusion. Inter
estingly, this association was also device dependent as the concomitant 
events increased significantly following perfusion through the two types 
of VADs (HMII and HM3) rather than CM.

Although HMII seemingly resulted in higher concomitant events than 
HM3 at multiple time points, the difference between the two was found 
insignificant. This was despite the difference in their pump design as 
HMII functions as a continuous axial-flow pump, whereas HM3 as a 
magnetically levitated continuous and pulsatile centrifugal-flow pump 
[4,6]. In contrast, the concomitant events were largely unchanged in CM 
samples over the 6-h perfusion, confirming its suitability as a credible 
benchmark for in-vitro testing of hemocompatibility of VADs [22].

Examining the longitudinal pattern of the concomitant CD235a+ and 
CD45+ events in the CD235a+ population (Fig. 3) we found it closely 
mimicked to that of CD45+ (Fig. 2B) while CD235a+ events remained 
the same during the 6-h perfusion through all MCS devices (Fig. 2A). 
Together with the data presented in Fig. 4, we hypothesized that the 
dominant factor of increasing concomitant CD235a+ and CD45+ events 
was due to increasing leukocyte association with erythrocytes, in form of 
MVs and/or whole cells. Formation of leukocyte MVs has indeed been 

Fig. 2. Longitudinal profile of folds increase of CD235aþ (A) and CD45þ

(B) events in human whole blood perfused in BCL through different MCS 
devices. Following blood sample collection from the flow loop as described in 
the Materials and methods section, CD235a on erythrocytes was stained with 
mouse monoclonal antibody anti-human CD235a conjugated with phycoery
thrin (PE). CD45 on leukocytes was stained with mouse monoclonal antibody 
anti-human CD45 conjugated with allophycocyanin (APC). After defining a gate 
in the forward-vs side-scatter density plot that included both CD235a+ and 
CD45+ events, folds increase with perfusion time of the individual CD235a+ or 
CD45+ events in this gate were quantified. The data at each hour of perfusion 
were plotted as mean ± SEM. The statistical difference of the HMII or HM3 data 
to those of CM was analyzed with Student t-test. *p ≤ 0.05.
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reported in VAD recipients and in-vitro experimentations [23,24], 
although their roles in the erythrocyte-leukocyte interactions reported 
here require further studies. Nevertheless, this hypothesis of 

erythrocyte-leukocyte interaction is in agreement with a recently re
ported association between elevated activation status of neutrophils in 
VAD patients and their increased risk of infection [27].

Current literature offers limited information on molecular and 
cellular mechanisms regulating erythrocyte-leukocyte interactions, 
although phagocytosis of senescent erythrocytes by leukocyte-derived 
macrophages has been extensively examined [17,25,26]. Interactions 
between the two cell types have also been reported in pathological 
conditions, such as in thrombus formation [15,27] and in sickle cell 
anemia [28]. In these processes, platelets could associate with 
erythrocyte-leukocyte aggregates when adhesion molecule, P-selectin, 
on activated platelets binds to its ligand, PSGL-1, on leukocytes [15,27]. 
Concurrent binding of adhesion molecules, GP1α on platelets to αMβ2 
on leukocytes, could lend further support to leukocyte-platelet in
teractions [29]. Eichhorn et al. reported 16.5 % of platelet extracellular 
vesicles were CD45+ in COVID-19 patients [30]. The possibility of 
platelet association to erythrocyte-leukocyte aggregates would 
undoubtfully accelerate thrombus formation in VAD recipients.

Despite their pathological relevance, molecular mechanisms regu
lating direct interactions between erythrocytes and leukocytes, remain 
largely unknown. However, recent studies have reported that subjecting 
erythrocytes to supraphysiological flow conditions in VADs would result 
in trauma as evidenced by their enhanced ability to release MVs [19,23,
24]. Furthermore, these erythrocytes exhibited characteristics like those 
observed in senescent erythrocytes which include conformational 
change of Band 3 and subsequent binding of plasmatic IgG on the 
erythrocyte surface [31]. These observations offer a possible path for 
opsonized erythrocytes to interact with leukocytes when surface-bound 
IgGs bind to Fc receptors on leukocytes [17,18,25,26].

The clinical relevance of our findings would become apparent when 
erythrocyte-leukocyte interactions lead to the formation of blood cell 

Fig. 3. Longitudinal profile of the percent increase of concomitant 
CD235aþ and CD45þ events in human whole blood perfused in BCL 
through different MCS devices. A gate in forward-vs side-scatter density plot 
that included both CD235a+ and CD45+ events was first defined. Concomitant 
CD235a+ and CD45+ events in this were then quantified. As outlined in the 
Materials and Methods section, the percentage of the concomitant fluorescence 
events in the CD235a+ population at different time points for each type of VAD 
were plotted after being normalized with its respective baseline value. These 
data at each hour of perfusion were plotted as mean ± SEM. The statistical 
difference of the HMII or HM3 data to those of CM was analyzed with Student t- 
test. *p ≤ 0.05.

Fig. 4. Representative flow cytometric data of CD235aþ, CD45þ, and concomitant CD235aþ and CD45þ expression in human whole blood samples at start 
of perfusion (t¼0 h) and after 6-h perfusion (t¼6 h) through HMII. Collected events were first gated based on size (ROI, region of interest) in a forward-vs side- 
scatter density plot, after which they were gated on positive CD235a, CD45, and concomitant signals, indicated by the arrows. The number of events positive for each 
fluorescent signal (to the right of the black dashed line in each fluorescence plot) was examined for the ROI population. As seen for both the CD45 and concomitant 
signal, there was an increase in the number of positive events after 6 h of perfusion with a shift in the fluorescent intensity of the main peak to the right of the 
fluorescent gate. This indicates an increase in leukocyte-erythrocyte association.
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aggregates in blood circulation. This event might be associated with 
heightened incidence of thrombosis and ischemic stroke, which are 
commonly observed adverse events of post-VAD implantations [1–9]. 
Although we did not observe a significant difference between HMII and 
HM3 for concomitant CD235a+ and CD45+ events over the 6-h perfu
sion, the tendency of higher events in HMII samples was in line with 
reported observations on higher incidence of pump thrombosis devel
opment in HMII than in HM3 [4]. Nevertheless, our finding on 1–2 % of 
the concomitant CD235a+ and CD45+ events among the CD235a+ cells 
(Fig. 3) mirrors the reported levels of MVs previously in VAD recipients 
[23]. In addition, it also supports our earlier report on elevated activa
tion status of leukocytes and its association with heightened risk of 
infection in VAD recipients [27]. Moreover, our findings could poten
tially address a longstanding question on the relationship between the 
development of infection and thrombosis in these patients. This rela
tionship has been proposed in many clinical studies, including our own 
[31,32], although its underlying causes remain unclear. Future studies 
should not only validate this interesting initial observation, but also 
delineate the basic molecular and cellular mechanisms regulating 
erythrocyte-leukocyte interactions in VAD recipients. These studies 
should include possibilities for other blood cell types and MVs of 
different blood cell origins in these interactions.

4.1. Study limitations

The time lapse of erythrocyte-leukocyte interactions described in this 
report was limited to in-vitro conditions, whereas its interpolation to 
VAD recipients awaits further studies. Using residence time calculations, 
we estimated that blood cells recirculate approximately 34 times more 
frequently in the BCL circuit, making the 6-h experimental period 
equivalent to approximately 8 days in VAD recipients. However, this 
estimate may vary depending on individual patient-specific patho
physiological factors, which may lead to the wide variability in the onset 
of adverse events such as thrombosis and/or infection in clinical 
practice.

5. Conclusion

This initial study suggested that perfusion of human whole blood 
through ventricular assist devices (VADs) in a blood circulatory loop 
(BCL) would lead to the formation of erythrocyte-leukocyte association 
in a time-dependent manner. This observation potentially opens a new 
path for future research to examine the development of adverse events in 
VAD recipients. Moreover, it proposed an additional measure for testing 
hemocompatibility of VADs.
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