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Abstract
The immune system plays a critical role determining the outcomes in transplanted multiple
myeloma patients, since enhanced lymphocyte recovery results in improved survival. Since
mobilization regimens influence the cellular subsets collected and infused for transplant, these
regimens may determine immune recovery following transplant. We hypothesized that a mobilized
stem cell product harboring an increased number of lymphocytes would enhance immune recovery
following autologous stem cell infusion, increase lymphocyte recovery, and improve clinical
outcomes. We designed a phase I immune mobilization trial using IL-2 and growth factors to
increase the number of lymphocytes within the stem cell product. This regimen efficiently
mobilized CD34+ progenitor cells (median: 3.6 × 106 cells/kg; range 1.9–6.6 × 106 cells/kg) and
improved the immune properties of the mobilized stem cells, including an increase in CD8+ T
cells expressing an NK activating receptor called NKG2D (P< 0.004), cells that are extremely
potent at killing myeloma cells using non-MHC-I restricted and TCR-independent mechanisms.
Novel mobilization techniques can improve the mobilized graft and may improve clinical
outcomes in myeloma patients.
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2. INTRODUCTION
Multiple myeloma (MM) is an incurable disease with a median survival of 3 to 7 years after
diagnosis. (1) Autologous stem cell transplant improves survival but the immunologic
mechanisms accounting for this improvement are unknown.

The immune system plays an integral part in the survival of myeloma patients. For example,
myeloma patients demonstrating a higher absolute lymphocyte count on day 15 (ALC15)
following transplantation experience an improved survival. (2–8) In addition, the number of
lymphocytes infused as part of the stem cell product directly impacts the ALC15. (2, 9) The
cellular subsets of the stem cell product that are responsible for these benefits are unknown.
Therefore, we hypothesized that a mobilized stem cell product containing an increased
number of lymphocytes, enriched for tumor-destroying cells, would improve immune
recovery following autologous stem cell infusion, increase the ALC 15, and may improve
clinical outcomes.

We previously evaluated immune mobilization of hematopoietic progenitor cells (HPC) in a
mouse model using IL-2, with or without rhG-CSF. (10) In contrast to the use of rhG-CSF
alone, mobilization with the combination of IL-2 and rhG-CSF yielded highly functional
lymphocytes that demonstrated increased cytotoxicity against CML (K562) and NHL
(Daudi) tumor cells. These results demonstrated enhanced myeloma cytotoxicity of
progenitor cells mobilized with IL-2 and rhG-CSF, when compared with rhG-CSF alone. In
follow up to this animal model, we developed a Phase I clinical trial using a novel immune
mobilization regimen that combined IL-2 and growth factors.

We previously demonstrated that when IL-2 was added to growth factors in ex vivo
expansion of peripheral blood mononuclear cells (PBMC’s), a subset of CD8+ T cells
acquired the ability to kill tumor cells using a unique NK cell activating receptor called
NKG2D.(11) This specialized subset of CD8+ T cells, labeled NKG2D+CD8+ T cells,
recognized and killed myeloma cells in a non-MHC restricted manner that was independent
of the T cell receptor (TCR).(11) While many tumor cells down regulate the MHC
expression, thereby escaping MHC-restricted and TCR-dependent tumor cell killing,
malignant cells up regulate NKG2D ligand expression. (12), (13) The selective expression
of NKG2D ligands on malignant cells makes this specialized NKG2D+CD8+ T cell
population a potential candidate for adoptive cellular therapy for patients with multiple
myeloma. The goal of our clinical trial was to mobilize a significant number of cytotoxic
lymphocytes, especially NKG2D+CD8+ T cells, as well as CD34+ progenitor cell. We were
specifically interested in the increase in the number of these specialized NKG2D+CD8+ T
cells within the collected cellular product in patients mobilized on this clinical trial using
IL-2 and growth factors.

We will describe the clinical and laboratory results from the myeloma patients treated on a
clinical trial evaluating immune mobilization of autologous peripheral blood stem cells
(PBSC).

3. METHODS
3.1. Immune mobilization treatment regimen

We designed an immune mobilization trial examining dose-escalated IL-2 (Prometheus
Therapeutics and Diagnostics, San Diego, CA) in combination with GM-CSF (Bayer
Pharmaceuticals, Pittsburgh PA) and rhG-CSF (Amgen, Thousand Oaks, CA), as previously
described. (14) (11) (Figure 1) Briefly, eligible patients between the ages of 17–70 years,
with a Karnofsky status ≥ 80 %, were required to have confirmed multiple myeloma with
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therapy-sensitive disease. The endpoints of this trial were to determine if immune
mobilization would increase the number of lymphocytes and improve cytotoxic function of
the lymphocytes within the mobilized cells, and yield sufficient number of CD34+

progenitor cells.

Treatment with IL-2 began at 0.6 × 106 IU/m2 (Level 1) administered as a daily
subcutaneous injection for 11 days. (Table 1) On Day 7 of mobilization treatment, rhG-CSF
(5 µg/kg/day) and GM-CSF (7.5 µg /kg/day) were started with a daily subcutaneous dose of
each medication and both were continued until completion of leukapheresis. On Day 11 of
therapy, leukapheresis was initiated if the peripheral blood CD34+ cell number was > 5
CD34+ cells/µl. Daily leukapheresis of approximately 15–20 liters of whole blood
(approximately 3.5–4.5 total blood volumes over the course of 300 minutes) were
performed. The goal was to collect ≥ 3 × 106 CD34+ progenitor cells/kg. The hematopoietic
progenitor cells (HPC) were either used in experiments the same day or cryopreserved in
Human AB serum with 10%DMSO and stored at −140° C.

Blood samples were obtained from patients prior to starting therapy, on Day 7 of
mobilization (after 7 days of IL-2) and on Day 11 of mobilization (after 11 days of IL-2 and
5 days of growth factor support). Patients who received mobilization with rhG-CSF alone
served as our control group. Bone marrow aspirates from patients were obtained before
initiating therapy or when indicated during their treatment course. Normal marrow was
obtained from volunteer patients. All patients signed an IRB- approved consent prior to
donations.

3.2. Cell lines
A human myeloma cell line (RPMI8226) and a human leukemia cell line (K562) were
obtained from American Type Culture Collection (Rockville, MD). Cell lines were cultured
in RPMI 1640 medium (Cellgro, Herndon, VA) and supplemented with 10% heat
inactivated fetal bovine serum (FBS from Gemini Bio-products, West Sacramento, CA),
2mM L-Glutamine, 100U/ml Penicillin, 100ug/ml Streptomycin (Invitrogen Corp.,
Carlsbad, CA).

3.3. Flow cytometry analyses
Cell surface phenotype of peripheral blood mononuclear cells (PBMC) was examined using
flow cytometry with fluorochrome-conjugated antibodies directed against T lymphocyte
markers (CD3, CD4, CD8), an NK cell marker (CD56), the IL-2 receptor (CD25), and an
NK cell activating receptor (NKG2D). Phenotypes were analyzed using FACScan or
FACSCanto (Becton Dickinson, San Jose, CA) using a standard lymphocyte gate and
recorded as percent of positive cells within the specified population. Data were analyzed
using Cell quest (Becton Dickinson, San Jose, CA) and FlowJo software (Tri star INC.,
Chatsworth, CA).

3.4. Cytotoxicity assays
We used two methods to test cytotoxicity and to determine the mechanism of tumor cell
killing. A standard chromium release assay was performed at three effector to target ratios
(E:T : 100:1, 20:1, and 4:1) as previously described.(15) A myeloma cell line RPMI8226), a
leukemia cell line (K562) or patients’ autologous myeloma cells served as targets.

An alternative cytotoxicity assay, a CFSE-based assay, was used when patients’ effector cell
numbers were limited. RPMI 8226 myeloma cell lines or K562 CML cell lines were labeled
with carboxyfluorescein diacetate succinimidyl ester (CFSE) conjugated to FITC, at 5µM
for 6 minutes at 4°C in the dark. CFSE-based cytotoxicity assay was performed using
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purified CD8+ T cells as effector cells and CFSE-labeled cell lines as targets at a E:T ratio of
50:1 and 100:1 at 37C for 5 hours. Monensin, a Na+/H+ antiporter, was added for the last 4
hours of culture to block intracellular protein transport. After 5 hours of incubation, cells
were labeled with anti-NKG2D (APC) and Anti-CD8 (APC-Cy7) and anti-CD107a (PE),
and Propidium Iodide (PI) to identify dead cells, and analyzed by flow cytometry. Dead
cells were identified as those doubly labeled with CFSE-FITC and PI.

3.5. Ex vivo expansion of myeloma patients’ peripheral blood mononuclear cells (PBMC): a
method to enrich for NKG2D+CD8+ T cells

We previously developed an ex vivo expansion process that enriched for NKG2D+CD8+ T
cells, using mobilized PBMC from myeloma patients.(15) These ex vivo expanded
NKG2D+CD8+ T cells were used as effector cells in vitro. Briefly, PBMC were cultured in
serum-free AIM V medium (Invitrogen Corp., Carlsbad, CA) for 2 hours at 37°C and 5%
CO2. The lymphocyte-enriched cell population was removed and cultured in serum-free
AIM V media supplemented with IL-2 (1000IU/ml; Prometheus Therapeutics and
Diagnostics, San Diego, CA) and OKT3 (500ng/ml; Ortho Biotech Products, Raritan, NJ)
every other day for 7 days. Cell viability was determined by Trypan Blue, using either a
hemocytometer or an automated cell counter (Cellometer AutoT4 PLUS, Nexelom
Biosciences LLC Lawrence, MA). Cell expansion and phenotype was determined using flow
cytometry (FACScan or FACSCanto, Becton Dickinson, San Jose, CA) and percent positive
cells within a lymphocyte gate were recorded.

3.6. CD107a expression on CD8+ T cells
CD107a (LAMP-1) is a marker for degranulation of activated CD8+ T cells. Degranulation
is the release of cytotoxic molecules from secretory granules within activated lymphocytes,
to destroy tumor cells or microorganisms. NKG2D+CD8+ T cells were analyzed for
degranulation by assessing the expression of CD107a by flow cytometry. The relationship
between CD107a upregulation on NKG2D+CD8+ T cells and cytotoxic activity of these
cells was assessed. Cryopreserved PBMC from myeloma patients were isolated, as
previously described.(15) The PBMC were then expanded for 7 days using IL-2 (1000IU/
ml) and OKT3 (500ng/ml), a process that enriches for NKG2D+CD8+ T cells. First, CD8+ T
cells were isolated using a magnet-activated automated cell separation system (AutoMACS,
Miltenyi Biotec AG, Bergisch Gladbach, Germany) as per manufacturer’s protocol. Cells
were labeled with 40µl of CD8+ sorting microbeads at 4°C for 15 minutes. Cells were then
washed with 4ml of staining buffer and resuspended in 500 µl MACS buffer, and transferred
to a 15ml tube. After magnetic separation, purified CD8+ cells were labeled with anti-
NKG2D (APC) and Anti-CD8 (APC-Cy7) and anti-CD107a (PE) in presence of IL-2 at
50U/ml.

3.7. Statistical analyses
Statistical analyses for differences observed in each experiment were determined using the
Student’s t-test at the 95% confidence interval. Graph Pad PRISM 5 statistical software, (La
Jola, CA) or Microsoft Excel, (Redmond WA) was used.

4. RESULTS
4.1. Summary of clinical results

We accrued eleven multiple myeloma patients to this phase I clinical trial. These clinical
results were previously published. (11) Ten patients completed the full course of treatment.
The median number of CD34+ cells/kg collected was 3.6 × 106 cells/kg (range of 1.9 – 6.6 ×
106 CD34+ cells/kg). All patients engrafted after transplant without delay. The median
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number of days for neutrophil engraftment was 12.3 days (range: 9–14 days), and 10.5 days
for platelet recovery (range: 0–17 days). There were no treatment-related mortalities and
grade 2 (moderate) toxicities or greater were minimal and included: back pain (n=2
patients), fever (n=2 patients), nausea (n=1 patient), chills (n=1 patient), anorexia (n=1
patient), diarrhea (n=1 patient), fluid retention (n=1 patient), and vascular leak (n=1 patient).

4.2. Immune mobilization results in ample CD34+ cells and effector cell numbers
The immune mobilization regimen markedly increased the number of NKG2D+ CD8+ T
cells mobilized, and subsequently infused into patients, when compared to controls (P<
0.002). (Figure 2) When IL-2 dose levels were combined, this immune mobilization regimen
yielded a significant number of CD34+ cells (median: 3.6 × 106 cells/kg; range: 1.9– 6.6 ×
106 cells/kg) and mononuclear cells (median: 10.5 × 108; range: 3.8 – 21 ×108 MNC/kg).
(Table 2) Although patient numbers were limited, there was no detrimental effect on CD34+

cell mobilization based on IL-2 dose.

We tested the effect of IL-2 dose on the in vivo NKG2D expression on CD8+ T cells, as well
as CD56+ NK cells within the mobilized product. Low dose IL-2 (6 × 105 IU/m2/day)
increased NKG2D expression on CD8+ T cells in the apheresis product, by approximately
1.5-fold, when compared to baseline (P < 0.02). High dose IL-2 (1.5 × 106 IU/m2/day)
increased NKG2D expression on CD8+ T cells by more than 2-fold, when compared to
baseline (P < 0.004). (Figure 3) Low dose IL-2 (6 × 105 IU/m2/d) and high dose IL-2 (1.5 ×
106 IU/m2/d) increased NKG2D expression on CD56+ NK cells (P < 0.03 and 0.002,
respectively).

4.3. Functional abilities of the immune mobilized NKG2D+CD8+ T cells
4.3.1. Cytotoxicity of the mobilized cells—This immune mobilization regimen
resulted in an increased number of NKG2D+CD8+ cytotoxic T cells that demonstrated
enhanced lytic ability against human tumor cells. There was increased lysis of the RPMI
8226 myeloma cells by patients’ cytotoxic T cells after 7 days of IL-2 treatment (P<0.01)
and this lysis was sustained at Day 11 or the day of collection (P < 0.05). (Figure 4a)
Patients’ cytotoxic T cells also effectively lysed K562 cells, a CML cell line that lacks Class
I expression, confirming an NKG2D-dependent, MHC Class I-non-restricted mechanism of
tumor cell lysis. (Figure 4b)

To further confirm that tumor cell killing occurs primarily via the specific interaction
between NKG2D receptor and its ligands, we used an anti-NKG2D antibody to block the
receptor in patients’ NKG2D+CD8+ cytotoxic T cells. When NKG2D was blocked, there
was a significant reduction in specific tumor cell lysis (P< 0.016). (Data not shown) (16)

4.3.2. Degranulation of the mobilized cells—To understand the mechanism of
activation and tumor cell killing, we measured degranulation of NKG2D+CD8+ T cells by
their CD107a expression, at baseline (before ex vivo expansion) and after 7 days of ex vivo
expansion with IL-2 and OKT3. After ex vivo expansion, the patients’ CD8+ T cells
upregulate NKG2D expression and these NKG2D+CD8+ T cells specifically lyse tumor cells
via increased degranulation. (Figure 5) The increased expression of CD107a is consistent
with degranulation of NKG2D+CD8+ T cells, suggesting that NKG2D+CD8+ T cells use
degranulation to induce apoptosis in tumor cells.

5. DISCUSSION
We hypothesized that a mobilized stem cell product containing an increased number of
lymphocytes, would improve immune recovery following autologous stem cell infusion,
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increase the ALC 15, and may improve clinical outcomes. Our data demonstrate that CD8+

T lymphocytes upregulate surface expression of NKG2D in vivo during immune
mobilization, rendering highly effective lymphocytes, especially, NKG2D+CD8+ T cells that
recognize NKG2D ligands on target cells and aggressively lyse myeloma cells. The clinical
results from this phase I clinical trial have been described previously, (11) and indicate that
immune mobilization significantly increased the number of NKG2D+ CD8+ T cells (P<
0.004), CD56+ T cells (p< 0.002), and CD3+ CD8+ T cells, within the mobilized product,
when compared to a control group. There was significant increase in the lysis of myeloma
cells by patients’ cytotoxic T cells after mobilization. These NKG2D+CD8+ T cells are
highly cytotoxic when tested against either autologous myeloma cells or tumor cell lines.
(16) Our results demonstrate an MHC-I and TCR-independent mechanism of tumor lysis by
these NKG2D+CD8+ T cells. Blocking the NKG2D receptor prevented myeloma cell killing.
(17) More importantly, we show that NKG2D+CD8+ T cells derived from patients with
myeloma recognize and kill autologous myeloma cells. (16).

Results from Porrata et al. support the critical role of the immune system in the survival of
myeloma patients. A strong correlation between a higher ALC15 following transplantation
and improved survival has been previously established. (2, 3, 5–9, 18–22) Substantial data
support the importance of NKG2D receptor in the function of the immune system against
various types of cancer. (23–26) NKG2D ligands are upregulated on most tumor cells, but
not on healthy cells. (17, 23) (24) (27, 28) Animal studies further support NKG2D-mediated
recognition and tumor lysis. Mice bearing tumors that express very low levels of NKG2D
ligands develop aggressive disease since these malignant cells escape immune surveillance.
In contrast, mice whose tumor cells express high levels of NKG2D ligands are protected
from progressive disease. (29)

The majority of tumors are sensitive to immune responses that are triggered by the NKG2D
activating receptor. A potential approach to enhance NKG2D-mediated immunity is to
upregulate the expression of NKG2D on CD8+ effector T cells, or to stimulate NKG2D
ligand expression on tumor cells. One of the medications that are currently used to treat
myeloma, including bortezomib, increase NKG2D ligand expression, which may further
enhance this targeted therapy. (30) No clinical trials have examined the role of immune
mobilization or its effects on in vivo NKG2D expression on CD8+ T cells. Our mobilization
treatment regimen results in an improved mobilized stem cell product containing an
increased number of NKG2D+CD8+ T lymphocytes, which may improve immune recovery,
increase the ALC15 and possibly improve clinical outcomes in myeloma patients.

Immune mobilization is a novel form of therapy. We postulate that the increased number
and function of the NKG2D+CD8+ T cells within the autologous graft may offer a clinical
benefit by aggressively eliminating residual malignant cells in vivo. Our studies introduce a
successful method of NKG2D upregulation on patients’ effector cells that demonstrate an
attractive model for targeted tumor immunotherapy in myeloma patients. We demonstrate a
clinically applicable approach with minimal toxicity and no detrimental effect on CD34+

progenitor cell mobilization. The results of our novel immune mobilization regimen indicate
a promising future for the development of a targeted therapy against myeloma that may
improve clinical outcomes.
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Figure 1.
Immune mobilization treatment schema. IL-2 was administered on Day 1 through Day 11.
Growth factors were administered on Day 7 and continued to Day 11. Stem cell collection
began on day 11 of mobilization. Blood samples were obtained from patients on Days 0
(before starting therapy), Day 7 and Day 11. Growth Factors = G-CSF and GM-CSF; D=
Day.

Talebian et al. Page 9

Front Biosci (Elite Ed). Author manuscript; available in PMC 2012 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Immune mobilization increases the number NKG2D+CD8+ T Cells. The number of
NKG2D+CD8+ T cells collected in patients receiving immune mobilization with IL-2 and
growth factors (n=5; experimental group) compared with patients receiving mobilization
with G-CSF alone (control group; n=3 (P< 0.002)’
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Figure 3.
IL-2 Upregulates in vivo NKG2D expression on CD8+ T Cells and CD56+ NK cells.
Patients were treated at different dose levels of IL-2. “Hi dose” IL-2 = 1.5 × 106 IU/m2/d;
“Low Dose” IL-2 = 6 × 105 IU/m2/d. P values compare baseline (Day 0) results to Day 7 of
Mobilization. (n = 3 patients per IL-2 dose level).
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Figure 4.
Enhanced cytotoxicity of myeloma patients’ PBMC. A chromium release cytotoxicity assay
was used to test the activity of patients’ mobilized effector cells against a human myeloma
cell line, RPMI8226 at an E:T of 20:1 (n= 5 patients per group) (a) and against a human
CML cell line, K562, at an E:T of 20:1 (n= 5 patients per group) (b). (Percent specific lysis
of tumor cells were comparable in each IL-2 dose group, therefore, cytotoxicity results were
combined. P values represent statistical significance in comparing day 7 and day 11 to day 0
(baseline) specific lysis.
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Figure 5.
Ex vivo Expansion increases NKG2D-dependent tumor cell lysis via NKG2D+CD8+ T Cell
degranulation. A demonstrates increased tumor cell lysis by NKG2D+CD8+ T cells after 7
days of ex vivo expansion. P values represent statistical significance when comparing
specific lysis of target cells by NKG2D+CD8+ T cells at baseline and at day 7 of expansion.
Targets include a CML cell line (K562) and a Myeloma cell line (RPMI8226). B
demonstrates that, along with an increase in tumor cell lysis, there is a significant increase in
CD107a expression, suggesting degranulation of NKG2D+CD8+ T cells. These results
indicate that, along with lysis of tumor targets, NKG2D+CD8+ T cells’ degranulation

Talebian et al. Page 13

Front Biosci (Elite Ed). Author manuscript; available in PMC 2012 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induces apoptosis in tumor cells. P values represent statistical significance when comparing
degranulation in NKG2D+CD8+ T cells at baseline and after 7 days of expansion.
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Table 1

IL-2 Dose escalation and administration

IL-2 Dose level IU of IL-2 /m2/Day

Level 0 0.3 × 106

Level 1 0.6 × 106

Starting Dose

Level 2 1.0 × 106

Level 3 1.5 × 106

Level 4 2.0 × 106

Length of administration for each IL-2 dose level was 11 days. The starting dose was Level 1
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Table 2

Immune mobilization: number of CD34+ cells and PBMC’s mobilized

CD34+cells/kg × 106 Median (range) MNC cells/kg × 108 Median
(range)

Number of Leukocytaphereses
Median
(range)

Level 1 (n=5) 2.6 (1.9 – 3.5) 8.7 (6.4 – 21) 2 (2–3)

Level 2 (n=3) 3.7 (3.2 – 4.4) 8.9 (3.8 – 9) 2 (1–2)

Level 3 (n=3) 4.4 (1.9 – 6.6) 14 (4. 3 – 19) 2 (1–3)

Combined Il-2 Dose Levels
(n=11)

3.6 (1.9–6.6) 10.5 (3.8–21) 2 (1–3)

MNC=Mononuclear cells
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