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Hematopoietic cell transplantation is a common therapy 
for the treatment of many neoplastic and nonneoplastic dis-
orders.13,14 Hematopoietic stem cells are commonly collected 
from the peripheral blood—rather than the bone marrow—of 
adult humans.13,14 During this process, bone-marrow–derived 
stem cells are released into the circulation and collected via 
leukapheresis after cytokine administration, such as granulocyte 
colony-stimulating factor (GCSF).13,14 One of the key benefits of 
leukapheresis is that it requires no surgical intervention. Nu-
merous reports have demonstrated the safety and effectiveness 
of leukapheresis for harvesting stem-cell–enriched peripheral 
blood from adults.14 However, the volume required to prime the 
leukapheresis machine remains one of the leading limitations of 
this procedure, especially in patients with low body weights.19,22 
Although plasma, platelets, and RBC are returned to the donor 
throughout the procedure, there is inevitably some decline in 
blood counts due to hemodilution, harvesting into the PBMC 
fraction, and platelet adhesion to the leukapheresis tubing. 
Reports of leukapheresis in human neonates are limited, due 
to the insufficient blood volume and technical complications 
related to their small size.24 Adverse reactions in children un-
dergoing apheresis are reported to occur during as many as 55% 
of all procedures and in 82% of patients (each patient generally 
undergoes multiple procedures).19 Hypotension, symptomatic 
hypocalcemia, allergic reactions, catheter-related thrombosis, 
and severe anemia are the most common complications,19 and 
1% of the patients in the cited study19 died. In comparison, 
pheresis procedures in adults are much safer, with only 28% 

of patients having an adverse event19 associated with 4.75%18 
of procedures.

Similar complications potentially can occur in small ex-
perimental animals, such as nonhuman primates. Rhesus 
macaques and other nonhuman primates are excellent models 
for hematopoietic cell transplantation.1-3 Leukapheresis of 
small monkeys that are similar in size and weight to human 
neonates and infants (3 to 10 kg) can be performed.1-3 The close 
phylogenetic relationship of macaques to humans has resulted 
in the widespread use of macaques as a preclinical model for 
hematopoietic cell and solid-organ transplantation.5,9-12 The 
safety and therapeutic efficacy of hematopoietic cell trans-
plantation has been evaluated previously by using nonhuman 
primate models1,2,7 In these reports, severe anemia and throm-
bocytopenia and a rapid decline in Hct during leukapheresis 
were observed. Furthermore, modification of the mobilization 
kit was required to successfully leukapherese those animals; this 
procedure is not approved by the Food and Drug Administra-
tion and therefore is not clinically applicable.

We evaluated the safety and efficacy of leukapheresis in 
rhesus macaques without modification of a commercially avail-
able, clinical-grade, and approved leukapheresis kit. Macaques 
weighing less than 10 kg were safely used as transplant do-
nors. Donor stem cells were mobilized to the periphery by 
using GCSF alone or with AMD3465. AMD3465 functions as a 
small-molecule antagonist of the chemokine receptor CXCR4.4 
Disrupting the interaction between CXCR4 and CXCL12, a 
chemokine involved in the homing of hematopoietic stem cells 
to the bone marrow, releases stem cells into the peripheral blood. 
GCSF is a cytokine that mobilizes bone marrow stem cells and 
that has a profound effect of the maturation of cells, especially 
those from the granulocyte lineages.4 Cytokine-mobilized stem 
cells can be identified by assessing their CD34+ expression, a 

Leukapheresis Protocol for Nonhuman Primates 
Weighing Less than 10 Kg

Vimukthi Pathiraja, Abraham J Matar, Ashley Gusha, Christene A Huang, and Raimon Duran-Struuck*

Leukapheresis is a common procedure for hematopoietic cell transplantation in adults. The main challenge in applying this 
procedure to human infants and small monkeys is the large extracorporeal blood volume (165 mL on average) necessary for 
priming the apheresis machine. This volume represents greater than 50% of the total circulating blood volume of a human 
neonate or small monkey. In this report, we document a safe leukapheresis protocol developed for rhesus macaques (3.9 to 
8.7 kg). To avoid sensitizing donor animals undergoing leukapheresis to third-party blood products, autologous blood col-
lected during the weeks prior to leukapheresis was used to volume-expand the same donor while priming the machine with 
saline on the day of leukapheresis. During the procedures, blood pressure was controlled by monitoring the inlet volume, and 
critical-care support was provided by the anesthesia team. Electrolytes and hemogram parameters were monitored intermit-
tently. Overall, our research subjects underwent effective 4- to 6-h leukapheresis. A total of 9 leukapheresis procedures were 
performed, which yielded 1 × 109 to 6 × 109 peripheral blood mononuclear cells containing 1.1 to 5.1 × 106 CD34+ cells (assessed 
in 4 of 9 macaques) in a volume of 30 to 85 mL. All macaques showed decreases in Hct and platelet counts. In summary, we 
report a successful modified leukapheresis procedure that can be performed safely in small animals without modification of 
the leukapheresis machine or associated cell-collection kits.

Abbreviations: CPDA, citrate phosphate dextrose adenine solution; GCSF, granulocyte colony-stimulating factor; PBMC, pe-
ripheral blood mononuclear cell.

Received: 13 Apr 2012. Revision requested: 07 May 2012. Accepted: 24 Jul 2012.
Transplantation Biology Research Center, Massachusetts General Hospital, Harvard 
Medical School, Boston, Massachusetts.

*Corresponding author. Email: rduranst@gmail.com

jaalas12000044.indd   70 1/7/2013   12:02:20 PM



71

Leukophoresis in GCSF and AMD3465 mobilized rhesus macaques

5% albumin boluses and 10% calcium gluconate (100 mg/kg/h; 
maximum, 1 g/h).

Donor blood collection. Because we were unable to use third-
party blood donors or synthetic blood products due to our 
experimental design, 10% of the total circulating blood volume 
of each leukapheresis subject was collected 4 times during the 35 
d preceding the procedure. The blood volume collected at any 
given time was based on the assumption of 50 to 60 mL of blood 
per kilogram body weight for an animal weighing 5 to 9 kg; thus 
a maximum of 25 to 54 mL was collected during each session. 
Each blood collection was stored in a sterile blood-collection bag 
containing the anticoagulant citrate phosphate dextrose adenine 
at a 7:1 blood:anticoagulant ratio. All macaques were given 
vitamins and iron supplements, and subsequent phlebotomies 
were delayed when the Hct of a donor had not recovered after 
a previous preleukapheresis blood collection. Blood from each 
donor was pooled aseptically into a single large bag on the day 
of leukapheresis. Blood cultures were taken from the pooled 
product to assess for contamination.

Physiologic monitoring during leukapheresis. During leuka-
pheresis, all macaques were maintained under anesthesia with 
isoflurane. The anesthesiologists continuously monitored the 
vascular status and vital parameters of all macaques, including 
blood pressure, heart rate, respiratory rate, end-tidal CO2, and 
pO2, and recorded these data every 5 to 10 min. Blood samples 
(0.5 to 1 mL) obtained at least 3 times: immediately before the 
procedure, at the 2-h time point, and immediately after the 
procedure. More samples were taken when deemed necessary 
for medical reasons. Hemograms were run inhouse (HemaVet 
950FS, Heska, Fort Collins, CO); we here report Hct and platelet 
and total WBC counts. Serum chemistries and electrolytes were 
monitored also (Catalyst DX, IDEXX, Westbrook, ME); we report 
only the calcium and total protein levels.

CD34+ phenotyping. A sample of the leukapheresis product 
underwent flow cytometric assessment of CD34+ cells (FACS-
can, Becton Dickinson, San Jose, CA). Heparinized peripheral 
blood was distributed into staining tubes (100 µL per tube) 
and washed once by using 2 mL flow cytometry buffer (HBSS 
containing Ca2+ and Mg2+, 0.1% BSA, and 0.1% NaN3). Cells 
then were stained by incubating in 10 µL direct phycoerythrin–
streptavidin-conjugated antiCD34 monoclonal antibody (clone 
563, Becton Dickinson) for 30 min at room temperature. RBC 
were lysed and other cells fixed by using FACS lysis solution 
(Becton Dickinson) before acquisition of signals. Data were ana-
lyzed by using Winlist mode analysis software (Verity Software 
House, Topsham, ME).

Statistical analysis. The Mann–Whitney U test (nonparamet-
ric) to assess differences in total PBMC count between treatment 
groups. A P value of 0.05 was considered statistically signifi-
cant. The program PRISM (version 6, GraphPad Software, La 
Jolla,CA) was used to run all analyses.

Results
Clinical outcomes. On physical exam, all 9 of the donor 

macaques were unaffected by the mobilization regimens. All 
maintained normal appetite throughout the mobilization pe-
riod. No fevers, infections, or abnormal hematologic changes 
were identified secondary to the cytokines injected, with the 
exception of an acute increase in WBC count. All 9 macaques 
underwent leukapheresis, 8 of which recovered successfully, 
without complications. These 8 macaques all survived long-term 
to donate blood for immunologic assays, and each donated one 
of their kidneys for the assessment of tolerance in recipients 
(data not shown).

protein found on pluripotent hematopoietic stem cells. Engraft-
ment of hematopoietic stem cells is important for long-lasting 
donor-derived immune reconstitution.

Here we report the successful harvest of peripheral blood 
mononuclear cells (PBMC) from rhesus macaques for trans-
plantation purposes. The degree of hemodilution, changes in 
serum electrolytes, and declines in platelet and Hct levels were 
managed successfully in all but one case. We share our experi-
ence with this clinically relevant nonhuman primate model and 
demonstrate the safety of leukapheresis in the absence of modi-
fication of the leukapheresis machine or the mobilization kit.

Materials and Methods
Animals. Nine mother–son pairs of rhesus macaques (Macaca 

mulatta) were used. At the time of leukapheresis, monkey 
weights ranged between 3.9 and 8.7 kg (Table 1). All animals 
were vaccinated and free of Mycobacterium tuberculosis, B virus, 
SIV, simian T-lymphotropic virus type 1, measles virus, and sim-
ian retrovirus types 1, 2, 3, and 5. All procedures were approved 
by the Massachusetts General Hospital IACUC.

Stem-cell mobilization. Bone marrow derived stem cells in 
macaques were mobilized to the periphery by using 1 of 3 regi-
mens designed to achieve the best stem-cell source for inducing 
engraftment and long-lasting chimerism in recipient monkeys 
(manuscript in preparation): GCSF (0.3 mg/mL; Filgrastim, 
Amgen, Thousand Oaks, CA) at doses of 10 μg/kg (the human 
clinical dose) or 100 μg/kg (high dose shown to work well in 
nonhuman primates)20 or GCSF (100 μg/kg) + AMD3465 (1 mg/
kg; Genzyme, Cambridge, MA). Cytokines were administered 
subcutaneously once daily for each of the 4 d preceding the 
leukapheresis; AMD3465 was administered subcutaneously 4 
h prior before leukapheresis.

Leukapheresis. Donor macaques were leukapheresed under 
general anesthesia, and each procedure lasted 4 to 6 h. Macaques 
were sedated with 10 mg/kg ketamine; anesthesia was induced 
with isoflurane; and the animals were intubated. All fluids re-
turned to the patients were warmed to 37 °C by using circulating 
blood warmers. The animals were placed on a circulating warm-
water blanket to minimize hypothermia during the procedure. 
The leukapheresis machine (Cobe Spectra Auto PBMC, Gambro, 
Denver, CO) and Auto PBMC kit (Gambro) were prepared ac-
cording to the manufacturer’s instructions. The initial priming of 
the leukapheresis machine used normal saline, according to the 
standard procedure from the manufacturer. Before donors were 
connected to the leukapheresis machine, they were transfused 
with stored autologous blood to expand the circulating blood 
volume. The normal priming volume of the Auto PBMC ma-
chine ranges between 165 to 280 mL. During the leukapheresis, 
2 intravenous catheters were used—a central access line and a 
peripheral return line. Access ports were either a central-vein 
or intravenous catheter (18- to 21-gauge). In our experience, 
the access port was most useful when a cut-down procedure 
was performed to isolate the femoral vein. During collection, 
the blood circulating through the leukapheresis machine was 
anticoagulated at a 10:1 ratio of blood to citrate phosphate 
dextrose adenine solution (CPDA). During the procedure, the 
WBC count, Hct, hemoglobin concentration, platelet count, and 
serum chemistries of donor macaques were monitored. After 4 
to 6 h of leukapheresis, saline was used to rinse the collection 
tubing (the ‘rinseback process’); the resulting rinseback product 
was centrifuged at 900 × g for 12 min; and the packed RBCs 
were isolated and transfused back into the donor. Depending 
on their total protein and calcium levels, macaques were given 
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7 of the 9 macaques; an average Hct decline of 8% to 10% was 
observed (Figure 2). Except for animal S0509, which hemor-
rhaged secondary to the rupture of her liver capsule, macaques 
that received 10 µg/kg GCSF had the smallest drop in platelet 
count. Post leukapheresis animals recovered with HCTs of 20% 
to 27%. Although platelet counts had decreased in all animals 
by the end of leukapheresis, levels remained within a safe range 
(100,000 platelets per microliter), and no platelet-associated 
bleeding was observed. The mobilization regimen led to a de-
crease in platelets in 3 (10 µg/kg GCSF, n = 1; 100 µg/kg GCSF, 
n = 2) of the 9 macaques.

Chemistry and electrolyte parameters. Serum chemistry values 
and electrolytes were monitored. Liver (AST, ALT, bilirubin) 
and kidney (creatinine, BUN) parameters were all within nor-
mal ranges throughout leukapheresis in all macaques (data 
not shown). So that we could provide appropriate oncotic and 
electrolyte support by using either albumin or calcium, total 
protein (Figure 4) and Ca2+ (Figure 5) levels were monitored 
closely. Overall, total protein and calcium levels remained stable 
throughout the procedures in all macaques except S0509, which 
had marked decreases in both parameters after leukapheresis 
(Figures 4 and 5).

Blood pressure. Blood pressure fluctuated during leu-
kapheresis (Figure 6). All macaques developed minor, 
nonlife-threatening variations in blood pressure, which were 
corrected accordingly by either decreasing the depth of anesthe-
sia, increasing the colloid–crystalloid fluid rate, or decreasing 
the rate at which blood was removed from the donor by the 
leukapheresis machine. Among the 9 macaques, 8 maintained a 
mean blood pressure above 50 mm Hg and systolic blood pres-
sure above 80 mm Hg; the lone donor whose blood pressure 
fell below 50 mm Hg was (again) S0509. In general, systolic BP 
remained close to 100 mm Hg and mean blood pressure near 
60 mm Hg. All macaques had an early spike in blood pressure 
with a subsequent nadir, during which times the anesthesia 
teams and transfusionists worked to achieve a stable plane of 
blood pressure.

Collection of stem-cell–enriched PBMC and CD34+ cell counts. 
The total number of PBMC collected during leukapheresis 
ranged between 1.5 and 6.5 × 109 (Table 1). The average number 
of PBMC collected per donor was 2.63 × 109. Between 2.7 × 108 
and 1.2 × 109 PBMC were collected per kilogram donor body 

During leukapheresis, macaque S0509 experienced an acute 
drop in blood pressure, which was managed aggressively by 
decreasing the level of anesthesia, increasing the fluid rate, and 
stopping the leukapheresis machine. Abdominal ultrasonog-
raphy demonstrated free fluid, and a subsequent fine-needle 
aspirate confirmed the fluid to be whole blood. This macaque 
received 4 blood transfusions during emergency laparotomy, 
which revealed that the bleeding originated from the liver cap-
sule. Because the macaque was anticoagulated, we were unable 
to control the hemorrhage, and the macaque was euthanized in 
view of its poor response to treatment. No signs of trauma were 
observed. No abnormal preleukapheresis physical exam find-
ings were noted; liver enzymes were always normal; and Hct 
values before and after stem-cell mobilization (preleukapher-
esis) were within normal limits. Platelet counts had decreased 
but remained within the normal range.

WBC counts. After cytokine mobilization and before leu-
kapheresis, donors that received 100 µg/kg GCSF with (n = 
4) or without (n = 2) AMD3465 showed marked increases in 
their WBC counts in excess of reported reference values for 
rhesus macaques (5000 to 19,000 cells per microliter; Table 1 
and Figure 1). With the exception of animal S0309A, macaques 
that received 10 µg/kg GCSF showed only modest increases in 
WBC after mobilization; these same macaques demonstrated 
marked increases in WBC counts after leukapheresis. The 
other 2 treatment groups, which had already very high WBC 
counts before leukapheresis, had minimal change in their WBC 
counts after leukapheresis, and these levels were comparable 
to those preleukapheresis (and significantly [P < 0.05] higher 
than premobilization counts) despite temporary fluctuations 
in WBC counts during the procedure. None of the macaques 
in these 2 treatment groups 2 and 3 had a significant drop in 
WBC counts despite successful collection of PBMC after a 4- to 
5-h leukapheresis procedure (Figure 1).

Platelet counts and Hct. Hct (Figure 2) and platelet counts 
(Figure 3) were monitored closely throughout leukapheresis. 
With the exception of animal 0309B (100 µg/kg GCSF), which 
had an increase in Hct preleukapheresis, and animal S0910 (100 
µg/kg GCSF + 1 mg/kg AMD3465), which had a decrease in Hct 
preleukapheresis, none of the macaques showed noteworthy 
changes in Hct after the cytokine-based stem-cell mobilization 
regimens. In contrast, leukapheresis led to decreases in Hct in 

Table 1. Summary of leukapheresis procedures in rhesus macaques

Macaque
Weight 

(kg)
Mobilizing 

agent(s) Dose(s)

Blood volume 
given before leu-
kapharesis (mL)

Duration of 
procedure 

(min)

No. of CD34+ 
cells recov-
ered (× 106)

Total no. 
of cells (× 

109)

No. of PBMC 
per kg of do-
nor weight 

(× 108)

Total volume 
collected 

(mL)

S0109 5.2 GCSF 10 μg/kg 125 240 — 6.5 12 30

S0509 5.3 GCSF 10 μg/kg 130 240 1.86 2.24 4.2 62

S0309A 8.1 GCSF 10 μg/kg 194 240 — 1.5 1.9 60

S0309B 8.8 GCSF 100 μg/kg 210 260 — 4.8 5.4 30

S9010 4.7 G-CSF 100 μg/kg 110 280 1.41 1.5 3.2 69

S0510 5.3 GCSF + 
AMD 3465

100 μg/kg, 
1mg/kg

127 240 5.16 2.0 3.7 62

S0910 4.0 GCSF + 
AMD 3465

100 μg/kg, 1 
mg/kg

96 275 — 1.7 4.2 85

S8810 3.9 GCSF + 
AMD 3465

100 μg/kg, 1 
mg/kg

90 300 1.19 2.0 5.1 48

S8610 5.4 GCSF + 
AMD 3465

100 μg/kg, 1 
mg/kg

129 300 — 1.5 2.7 57

There were no significant differences between treatment groups in the total number of cytokine-mobilized PBMC recovered.
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macaques; this complication has also been observed during 
pheresis of pediatric patients.8,15,16 In our case, the placement 
of a 3-way stop cock for occasional flushing was key to prevent-
ing or minimizing this problem, particularly at the beginning 
of the procedure when the least amount of anticoagulant was 
distributed systemically. The placement of the stopcocks close 
to the access points did not interfere with the procedure.

Heparin pretreatment is common during pheresis. Often, 
children receive heparin (20 units/kg) in addition to acid citrate 
dextrose during the procedure.18 We avoided heparin antico-
agulation during leukapheresis of our macaques for several 
reasons. First, we found that a 10:1 blood:CPDA ratio during 
PBMC collection was sufficient to prevent clotting. Second, 
we never encountered any citrate-mediated toxicity (seizures, 
arrhythmias, nausea, vomiting) in our macaques. Third, we at-
tempted to limit the amount of anticoagulants delivered to the 
recipients. Fourth, the risk of bleeding, especially in nonhuman 
primates, which tend to manipulate their incisions, prompted us 
to be very careful in our choice of anticoagulants. We therefore 
favored minimizing any additional medications in our donors. 
To avoid citrate toxicity, we provided sufficient calcium sup-
plementation to maintain stable serum calcium levels (Figure 
5). Similar to our macaques, humans undergoing leukapheresis 
require supplementation with calcium gluconate. Children 
are given oral calcium gluconate (10 mg/kg) before pheresis 
and every hour after starting the procedure; alternatively, a 
10% solution (10 mL diluted to 50 mL) of calcium gluconate 

weight. We assessed the number of CD34+ PBMC in 4 of the 9 
macaques; this parameter ranged from 1.19 to 5.16 × 106 cells. 
The total volume collected was 30 to 85 mL (Table 1). The col-
lection bag was never opened, nor was the product rinsed. The 
leukapheresed product was given directly to recipients, and a 
small sample was submitted for bacterial culture; these samples 
were negative for growth in all cases.

Discussion
Limitations of leukapheresis include, but are not limited to, 

adequate vascular access, the use of anticoagulants, the circulat-
ing blood volume of the patient, citrate toxicity, and maintenance 
of the normal physiologic parameters of the donor.

In subjects weighing more than 20 kg, vascular access suf-
ficient to maintain adequate flow can be achieved by using 
peripheral (for example, saphenous) veins.17-19 However, small 
animals or human neonates weighing less than 10 kg require 
placement of central venous access catheters to achieve suf-
ficient blood flow.19 In the macaques used in the current study, 
a femoral vein cut-down approach was used. It was crucial 
for the catheter to be advanced toward the femoral triangle to 
provide sufficient blood flow. The return line was always in a 
peripheral vessel (saphenous or cephalic) and rarely caused 
return pressure problems, which have often been reported in 
pediatric patients.19 Sporadic blood clotting of the access line 
(especially at the beginning of the procedure) occurred in some 

Figure 1. WBC counts in macaques that received (top left) 10 μg/kg GCSF, (top right) 100 μg GCSF, or (bottom) 100 μg/kg GCSF + 1 mg/kg 
AMD3465. Macaques in all groups exhibited an increase or maintenance of WBC counts during leukapheresis. The regimens using 100-μg/kg 
GCSF led to markedly increased cell counts after mobilization, which were maintained throughout leukapheresis.
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procedure for priming. In comparison, the WBC kit required 280 
mL blood for priming, and the approximate collection volume 
would have been 240 to 300 mL during the same period.23 To 
prime the kit, we considered the use of oxyglobin and other 
colloidal carriers. However, oxyglobin, which in our opinion 
was the best commercially available blood replacement option, 
would have caused the serum to become red-tinged and there-
fore would have interfered with the collection of the PBMC. 
Instead, we decided to prime the leukapheresis machine with 
autologous blood collected over a 1-mo period. This strategy 
may explain some of the decreases in Hct and platelet levels that 
occurred in some of our macaques before leukapheresis. In all 
cases, this practice provided a sufficient amount of donor blood 
for autotransfusion to the macaque while the leukapheresis 
machine was primed. Autologous blood can be used only when 
logistically practical (that is, the donor can be bled repeatedly 
over a 35-d period) and may be necessary in situations in which 
possible sensitization to third-party antigens is unfavorable to 
the desired clinical outcome.

We contemplated 2 approaches for priming the leukapheresis 
machine. One called for volume-expansion of the donor at the 
time of leukapheresis, and the second involved direct priming of 
the machine with the blood product. We have extensive experi-
ence in our laboratory in pheresing adult swine.6 In preliminary 
studies, we therefore optimized the protocol for leukapheresing 
10-kg pigs to similarly sized nonhuman primates. We found that 
volume-expansion of the donor macaque by giving 50% of the 
collected blood before leukapheresis and the remaining 50% 

is delivered intravenously at 1 mL/kg/h.19 It is important to 
mention that when the CPDA:blood ratio is greater than 1:15, 
there is an increased risk of clotting within the components of 
the auto-PBMC kit.23 In pediatric patients, minimizing CPDA at 
the expense of heparinization has been the goal;22 we therefore 
suggest that macaques that receive low doses of CPDA should 
be anticoagulated with low-dose heparin also.

The total number of PBMC collected during approximately 
4 h of leukapheresis was sufficient to achieve the target dose of 
1.0 × 109 PBMC per kilogram recipient body weight. None of 
the recipients had any reaction to the unwashed donor inocula 
(data not shown). The numbers of CD34+ cells from our donors 
were less than those previously documented (20 × 107 CD34+ 
cells) for other leukapheresis protocols involving nonhuman 
primates.21 Part of our studies aimed to develop novel stem-
cell mobilization approaches that may enhance engraftment. 
Therefore, strict comparisons are difficult to analyze, not only 
due differences regarding mobilizing agents but also because 
of the use of different species of nonhuman primates, such as 
cynomolgus macaques and baboons.

Sensitization is an immune process by which antigen-specific 
responses are created to a foreign antigen. One of the biggest 
challenges posed by our protocol was priming the leukapher-
esis machine without sensitizing the donor animals to blood 
products from other nonhuman primates. We decided to use 
the Auto-PBMC kit instead of the WBC Harvest kit because the 
Auto-PBMC kit required less volume for priming (165 mL) and 
collected a smaller volume (about 50 mL in 4 to 5 h), allowing 
us to consider using autologous blood collected prior to the 

Figure 2. Hct in macaques that received (top left) 10 μg/kg GCSF, (top right) 100 μg GCSF, or (bottom) 100 μg/kg GCSF + 1 mg/kg AMD3465. 
Macaques in all groups exhibited mild to moderate decreases in hematocrit. Macaque 0509 (10 μg/kg GCSF) died of hemorrhage.
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50% of the rinseback product rather than packed RBC. During 
the rinseback procedure, all RBC remaining in the Auto-PBMC 
kit were diluted with saline and returned to the patient. This 
particular macaque therefore received an additional 90 to 120 
mL of the blood:saline mixture. The rapid delivery of this vol-
ume of fluid likely caused the transient increase blood pressure 
(Figure 5). We subsequently modified our protocol to provide 
only packed RBC (a volume of 30 to 40 mL)—rather than the 
rinseback product (120 to 200 mL)—at the end of leukapheresis. 
The third animal with a blood pressure abnormality (macaque 
S0309) showed a pressure spike at the very beginning of the  

at the beginning of leukapheresis was the optimal approach to 
maintaining an adequate blood pressure.

The use of peripheral catheters, in addition to a central cath-
eter, was crucial to the success of the protocol we describe here. 
The same practice has proven necessary in pediatric patients 
as well.19 Mean arterial blood pressures were maintained at or 
above 50 mm Hg in all 9 macaques. Only 1 of the 9 macaques 
(S0509) had a severe adverse event related to acute changes in 
blood pressure. Another animal that showed moderate blood 
pressure abnormalities was S0109; this macaque was the first to 
undergo leukapheresis and, unlike the other 8 animals, received 

Figure 3. Platelet counts in macaques that received (top left) 10 μg/kg GCSF, (top right) 100 μg GCSF, or (bottom) 100 μg/kg GCSF + 1 mg/kg 
AMD3465. Macaques in all groups exhibited moderate decreases in platelet counts. With the exception of animal 0509, all macaques maintained 
platelet counts above 100,000 per microliter.

Figure 4. Total protein in leukapheresed macaques. Time 0 is preleu-
kapheresis. Total protein was tested throughout the procedure to tailor 
albumin supplementation.

Figure 5. Total serum calcium in leukapheresed. Time 0 is preleuka-
pheresis. Calcium was tested throughout the procedure while Ca glu-
conate was given.
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autotransfusion and leukapheresis product) were contaminated, 
and none of our donors required antibiotics or exhibited any 
signs of septicemia related to a contaminated product.

In summary, we here describe a leukapheresis procedure 
that can be safely and effectively applied to nonhuman 
primates weighing less than 10 kg. Although it has been 
extensively documented that young children and adults un-
dergo leukapheresis safely,18 there is only limited literature on 
leukapheresis in neonates.19,22,24 Our current results suggest 
that it is safe to perform leukapheresis in nonhuman primates 
that are similar in size to human neonates. However, doing 
so requires sufficient planning, forethought of all potential 
complications, and, most importantly, the coordination of a 
multidisciplinary team.
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