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Abstract
Multiple myeloma is a neoplastic disorder of plasma cells typically afflicting older individuals. Despite significant 
improvements in induction therapy and outcomes for transplant-ineligible newly diagnosed multiple myeloma 
(NDMM) patients, autologous stem cell transplant (ASCT) remains the standard of care for consolidation in 
transplant-eligible NDMM. Consequently, the optimal approach to stem cell mobilization remains critical. In this 
manuscript, we outline key updates to stem cell mobilization in NDMM patients. We describe the optimal number 
of cycles of induction prior to mobilization, emphasizing the need to balance the benefit of achieving improved 
depth of response by giving additional cycles of pre-transplant induction with the impact on stem cell yields. 
Additionally, we review ideal timing between the end of induction and initiation of mobilization to facilitate both a 
minimization of time off therapy as well as better communication and work flow between community providers and 
transplant centers. We also review different stem cell mobilization regimens with and without upfront CXCR4 
inhibitors to optimize stem cell yields while considering both clinical outcomes and cost of care. Finally, we review 
optimal yields of CD34+ hematopoietic stem cells to minimize toxicity for ASCT and also consider optional 
utilization of stem cells for both salvage second ASCT and stem cell boosts for poor marrow function.
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INTRODUCTION
Multiple myeloma (MM) is a neoplastic disorder of plasma cells typically afflicting older individuals. It is 
the second most common hematological malignancy, with roughly 35,000 new cases diagnosed yearly, 
resulting in 13,000 deaths[1,2]. Consolidative autologous stem cell transplant (ASCT) has remained the 
standard of care for the treatment of transplant-eligible newly diagnosed multiple myeloma (NDMM) 
patients for over three decades. Over that time, both overall survival (OS) and progression-free rate (PFS) 
have dramatically improved across all age, gender, and ethnic groups[3]. However, novel therapeutics have 
revolutionized the treatment of MM and led to significantly improved outcomes in patients both eligible 
and ineligible for consolidative ASCT[4]. Allogenic stem cell transplants have also been previously used to 
treat MM. Although it can be a potentially curative treatment, they are rarely utilized given significant 
transplant-related risks and limited data supporting their use. They are currently considered investigational. 
Given their limited role in MM treatment, this review will not discuss allogenic stem cell transplants any 
further and will focus on ASCT[5,6].

Several recently completed landmark phase 3 trials have demonstrated excellent outcomes even in 
transplant-ineligible patients, leading some to question the ongoing role of consolidative ASCT. The MAIA 
trial evaluated daratumumab in addition to lenalidomide and dexamethasone (DRD), showing significantly 
increased OS and PFS in transplant-ineligible patients with a greater than 60% 4-year PFS[7].  In a separate 
phase 3 randomized trial, SWOG S0777 found that adding bortezomib to lenalidomide and dexamethasone 
(RVD) significantly improved PFS and OS in patients without an intent for immediate ASCT with a median 
PFS in the RVD arm of 41 months[8]. The phase III ENDURANCE trial compared carfilzomib, 
lenalidomide, and dexamethasone (KRD) and RVD, and both generated an excellent PFS with a median 
PFS of 34.6 months (95%CI: 28.8-37.8) in the KRd group and 34.4 months (30.1-not estimable) in the VRd 
group, but one approach was not superior to other with a different toxicity profile noted[9].

While the above-mentioned induction approaches in transplant-ineligible (or those without the intent for 
upfront ASCT) have shown promising outcomes, the utilization of upfront ASCT in combination with 
novel induction continues to be superior. Several recently completed randomized trials specifically 
evaluating the role of consolidative ASCT continue to show the improved PFS and possible OS advantage of 
consolidative ASCT, while other phase 2/3 trials incorporating CD38 monoclonal antibodies show deep 
responses with high rates of minimal residual disease (MRD) negativity and prolonged remissions in albeit 
shorter follow up [Table 1]. In two randomized trials, DETERMINATION and IFM 2009, RVD with 
upfront ASCT was compared to RVD without upfront ASCT (delayed ASCT was allowed at relapse)[10,11]. In 
both trials, upfront ASCT was associated with improved PFS and deeper responses. It is worth noting that 
OS was not improved in either trial. In a similar randomized trial, UNITO-MM-01/FORTE comparing 
KRD with upfront ASCT, KCD (carfilzomib with cyclophosphamide and dexamethasone) with upfront 
ASCT, and 12 cycles of KRD, the groups with upfront ASCT demonstrated improved PFS and recent 
multivariate analysis shows an OS advantage[12]. Finally, recent trials have demonstrated that quadruplet-
based induction prior to ASCT significantly improves the depth of response and outcomes. In the phase 3 
PERSEUS trial, it was found that adding daratumumab to RVD in transplant-eligible NDDM individuals 
improved minimal residual disease (MRD)-negative status (75.2% vs. 47.5%, P < 0.001) and PFS at 48 
months (84.3% vs. 67.7%)[13]. Similarly in the phase 3 Iskia trial, it was found that the addition of Isatuximab 
to KRD improved MRD-negative status (67% vs. 48%, P < 0.001)[14]. Even with these advancements, MM 
remains an incurable disease. Myeloma plasma cells can manifest drug resistance involving both intrinsic 
and extrinsic mechanisms. These mechanisms include the alterations of drug targets, overexpression of drug 
efflux pumps, interactions with the bone marrow microenvironment, and dysregulation of apoptosis, 
autophagy, and DNA repair[15].
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Table 1. Outcomes of modern induction therapy and upfront autologous stem cell transplantation

Trial Study design CR or better rate MRD negativity mPFS OS

UNITO-MM-01/ 
FORTE[12]

KRd12 vs. KRd plus ASCT vs. KCd 
plus ASCT

KRd12 57%, KRd plus ASCT 
54%, and KCd plus ASCT 
42% (P = 0.016 for the overall 
comparison)

56% KRd12, 62% KRd plus ASCT, and 43% 
KCd plus ASCT (P = 0·0032 for the overall 
comparison) by multiparameter flow 
cytometry at 10-5 sensitivity

55.3 months for KRd12, median NR for 
KRd plus ASCT, and 53 months for 
KCd plus ASCT  
(KRd plus ASCT vs. KCd plus ASCT;  
P = 0.0008. KRd12 vs. KCd plus 
ASCT;  
P = 0.45. KRd plus ASCT vs. KRd12;  
P = 0.0084)

4-year overall survival was 86% with 
KRd plus ASCT, 85% with KRd12, and 
76% with KCd plus ASCT (no 
significant difference at follow-up) 

DETERMINTATION[10] RVD vs. RVD plus ASCT RVD 42.0% and RVD plus 
ASCT 46.8% (P = 0.99)

40% RVD-alone and 54% RVD plus ASCT 
(OR: 0.55; unadjusted 95%CI: 0.30 to 1.01) 
by NGS at 10-5 sensitivity

67.5 months for RVD plus ASCT and 
46.2 months for RVD (risk of PD or 
death 53% higher in the RVD-alone 
group; HR: 1.53; 95%CI: 1.23 to 1.91;  
P < 0.001)

5-year OS was 79.2% for RVD and 
80.7% for RVD plus ASCT (HR: 1.10; 
95%CI: 0.73 to 1.65)

IFM 2009 study[11] RVD vs. RVD plus ASCT RVD 48% and RVD with 
ASCT 59% (P = 0.03)

20% in the RVD-alone arm v 30% in the 
ASCT arm (OR for undetectable MRD 1.65; 
95%CI: 1.10-2.49; P 5 .02) by NGF at 10-6 
sensitivity 

36 months for RVD alone vs. 50 
months for RVD plus ASCT (P < 
0.001)

4-year OS was 82% for RVD and 
81% for RVD plus ASCT 

IsKia[14] IsaKRd pre-ASCT induction and 
post-ASCT consolidation vs. KRd 
pre-ASCT induction and post-
ASCT consolidation

IsaKRd 74% and KRd 72% 77% IsaKRd and 67% KRd (OR 1.67;  
P = 0.049) by NGS at 10-5 sensitivity

Current follow-up (median, 20 
months), no difference in PFS (95% at 
 
1 year in both arms)

Median OS not reached for either 
arm. OS results pending

Perseus[13] D-VRd pre-ASCT induction and 
post-ASCT consolidation vs. VRd 
pre-ASCT induction and post-
ASCT consolidation 

D-VRd 87.9% and VRd 70.1% 
(P < 0.001)

75.2% D-VRd group vs. 47.5% for VRd  
(P < 0.001) by NGS at 10-5 sensitivity

Median PFS not reached for either 
arm. At 48 months, 84.3% D-VRd 
group and 67.7% VRd group (HR: 
0.42; 95%CI: 0.30 to 0.59; P < 0.001)

Median OS not reached for either 
arm. OS results pending

ASCT: Autologous stem cell transplantation; CI: confidence interval; CR: complete response; D-VRd: daratumumab-bortezomib-lenalidomide-dexamethasone; HR: hazard ratio; IsaKRd: isatuximab-carfilzomib-
lenalidomide-dexamethasone; KCd: carfilzomib-cyclophosphamide-dexamethasone; KRd: carfilzomib-lenalidomide-dexamethasone; KRd12: 12 28-day KRd cycles; mPFS: median progression-free survival; MRD: 
minimal residual disease; NGF: next-generation flow; NGS: next-generation sequencing; OR: odds ratio; OS: overall survival; PD: progressive disease; RVD: lenalidomide-bortezomib-dexamethasone; VRd: 
bortezomib-lenalidomide-dexamethasone.

Despite the advances made in non-transplant induction therapy, ASCT remains an important component in the treatment of MM and an ongoing standard of 
care in NDMM patients. Consequently, the optimal collection of stem cells remains critically important. In addition to utilizing stem cells for consolidative 
ASCT, additional uses exist, including at the time of relapse for salvage autologous stem cell transplantation (SAT) and for stem cell boosts in the setting of 
chimeric antigen T-cell therapy and as general support for chronic cytopenias in heavily pre-treated patients. This review will outline the optimal approach of 
mobilizing stem cells for upfront ASCT in MM patients in the context of the current myeloma treatment landscape.
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OPTIMAL TIMING OF MOBILIZATION
The optimal timing of mobilization of stem cells is important to consider in MM patients eligible for ASCT. 
A key factor to consider is balancing the benefit or achieving improved depth of response by giving 
additional cycles of pre-transplant induction with the impact of impairing stem cell mobilization by the 
additional therapy. The benefit of deep pre-transplant response is clear, with multiple studies demonstrating 
that pre-transplant depth of response is associated with improved long-term outcomes including PFS and 
OS[16-19].

There is ample evidence that certain induction therapeutics such as melphalan, lenalidomide, and 
daratumumab can negatively impact stem cell collection. In addition, while quad-based regimens have 
improved outcomes as outlined above, four drug inductions such as Daratumumab-RVD can further 
impact stem cell yields. Frontline use of melphalan for induction therapy is discouraged and has been 
previously shown to increase stem cell mobilization failure[20]. Additionally, lenalidomide has been 
associated with increased rates of stem cell mobilization failure. In one retrospective analysis, it was found 
that more than three cycles of lenalidomide (P = 0.001) was significantly associated with increased rates of 
mobilization failure with G-CSF alone. In patients treated with greater than three cycles of lenalidomide, the 
failure rate was 78% (7 of 9) compared to 16% (9 of 55) in patients who received one to three cycles of 
lenalidomide[21]. Another retrospective analysis found that the median number of PBSCs collected in 
patients treated with lenalidomide was significantly less compared to patients who did not receive 
lenalidomide (6.34 vs. 7.52 × 106 CD34+ cells/kg; P = 0.0004), as was the median number of apheresis 
sessions needed for adequate collection of stem cells (2 vs. 1 sessions; P = 0.002)[22]. Daratumumab has also 
been associated with decreased stem cell yields. Findings from the GRIFFIN and MASTER trials 
demonstrated that adding daratumumab to standard triplet-based induction (KRD and RVD, respectively) 
had a negative impact on stem cell yields. The median total CD34 cell collection was 6.0 × 106/kg after D-
KRd induction, 8.3 × 106/kg after D-RVd induction, and 9.4 × 106/kg after RVd induction. Additionally, the 
median days of collection required were higher in patients who received induction with D-KRd and D-RVd 
at two days compared to only one day for RVd. Notably, the cell yields decreased after quadruplet therapy 
despite increased plerixafor utilization. The plerixafor use rate was 97% in the D-KRd group, 72% in the D-
RVd group, and 55% in the RVd group[23]. Similarly, another retrospective analysis found that patients who 
received induction with versus without daratumumab had a fewer number of stem cells collected 
(9.5 × 106  vs. 12 × 106, P < 0.001), required more days of collection to reach the collection goal 
(3 days vs. 2 days, P = 0.01), and were more likely to require a second mobilization (14.9% vs. 3.3%)[24].

It is important to consider the maximum number of cycles of induction that can be given prior to 
collection. Old dogma recommended that no more than four cycles of induction should be given prior to 
mobilization of stem cells to prevent stem cell mobilization failure. Although an increased number of cycles 
of induction can lead to challenges with stem cell mobilization, we believe that up to six cycles can be given 
and adequate collection can still be achieved. In one prospective study, it was found that all patients treated 
with six cycles of lenalidomide-based triplet therapy were able to collect enough cells for autologous 
transplant without mobilization failure[25]. Another analysis found that induction therapy with up to six 
cycles of VRD and KRD did not lead to stem cell mobilization failure[26]. Further, relaxing requirements of 
induction cycles prior to transplant can facilitate easier communication and workflow with community 
physicians referring patients to distant transplant centers and allow ongoing deep remissions in patients 
prior to transplant, which, as above, has been shown to be beneficial. In addition to treatment-related 
factors putting patients at risk for poor mobilization, other patient-specific factors associated with poor 
mobilization include extensive bone marrow involvement with malignancy and older age[27,28].
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An often-overlooked component of stem cell collection is the timing of stem cell mobilization after the last 
cycle of induction. An extended period of time between induction and mobilization should be avoided to 
decrease the risk of biochemical progression of disease while off therapy. Some mobilization protocols 
require as little as seven days off of therapy prior to stem cell mobilization[29]. Other protocols specify a 
maximum time of six weeks off of therapy but do not specify a minimum time[13]. It is imperative to avoid 
prolonged time between the end of induction and mobilization, as a shortened interval between completing 
induction and transplant is associated with improved outcomes. Notably, one retrospective analysis found 
that patients who had less than the median time (33 days) between the end of induction and transplant had 
a significantly improved PFS (35.6 vs. 32.1 months, P  <  0.03) following transplant[30].

Unfortunately, there is no phase 3 trial evaluating the optimal number of induction cycles prior to collection 
or whether the optimal approach is to administer a fixed number of cycles or treat to depth of response. 
Given the conflicting data, lack of randomized trials specifically addressing optimal mobilization, and 
varying practice patterns, there is still some disagreement amongst experts regarding the optimal timing of 
collection, but most experts recommend 4-6 cycles of induction. The European Myeloma Network 
recommends that patients should not receive greater than 4-6 cycles of induction[31]. The IMWG consensus 
approach states that giving 3-6 cycles of induction before ASCT is a reasonable balance between minimum 
toxicity and maximum benefit[32]. The ASBMT does not make any recommendations about the number of 
cycles of induction prior to mobilization.[33] Figure 1 outlines our approach to induction and timing of 
mobilization.

OPTIMAL MOBILIZATION REGIMEN
Peripheral blood progenitor cells (PBPCs) are collected by apheresis after mobilization agents are 
administered. Mobilization strategies vary between institutions. Strategies for mobilization include 
granulocyte colony-stimulating factor (G-CSF), with or without a chemokine receptor type 4 (CXCR4) 
inhibitor (plerixafor, motixafortide), or chemomobilization [Table 2]. Additionally, new novel mobilization 
agents are currently being evaluated in trials, although they have not yet achieved widespread use[27]. Given 
that our institution does not recommend chemomobilization except in rare instances such as mobilization 
failure and it has not been permitted in recent landmark randomized trials such as the MASTER trial, we 
will not further address chemomobilization in this review. The typical dose of G-CSF is 10 μg/kg 
subcutaneously daily, with harvesting of stem cells beginning on day 5 and continuing daily until target 
stem cell yields are met. Mobilization with G-CSF alone typically takes a median of four days to collect a 
goal of 6 × 106 CD34+ cells/kg[34]. Two separate studies found that median stem cell yields with G-CSF alone 
after one day were 2.29 × 106 CD34+ cells/kg and 2.25 × 106 CD34+ cells/kg, respectively[35,36].

Several trials have demonstrated that G-CSF, in combination with plerixafor, leads to significantly improved 
mobilization and decreased mobilization failure compared to G-CSF alone. In a phase III randomized trial 
comparing G-CSF with placebo and G-CSF with plerixafor, the experimental group showed significantly 
improved stem cell yields. On day 1 of collection, the median stem cell yield in the plerixafor group was 
7.01 vs. 2.29 × 106 CD34+ cells/kg, day 2 was 4.02 vs. 1.78 × 106 CD34+ cells/kg, and total yield was 
10.96 vs. 6.18 × 106 CD34+ cells/kg[34,35]. Motixafortide is a novel CXCR4 inhibitor[37]. In the GENESIS trial, a 
phase III, prospective, placebo-controlled, double-blind, multicenter study, motixafortide was found to be 
safe and significantly improved CD34+ cell yields. Median yields after one apheresis were improved in the 
experimental group versus the placebo group at 10.8 vs. 2.25 × 106 CD34+ cells/kg. Additionally, patients in 
the motixafortide group required fewer days of mobilization to meet a collection goal of 
6 × 106 CD34+ cells/kg at 92.5% vs. 26.2% in the placebo group[36]. It was also found that motixafortide 
increased the number of immature hematopoietic stem progenitor cells, although the clinical significance of 
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Table 2. Mobilization strategies for peripheral blood progenitor cell collection

Doses
Day 1 yield (median) 
(all values × 106 
CD34+ cells/kg)

Day 2 yield (median) 
(all values × 106 
CD34+ cells/kg)

Total yield (median) 
(all values × 106 
CD34+ cells/kg)

Notable toxicities

G-CSF[34] 10 μg/kg 2.29 1.78 × 106 CD34+ 
cells/kg

6.18 Nausea, fatigue, chest pain, 
cough

G-CSF plus 
plerixafor[34]

240 μ
g/kg

7.01 4.02 × 106 CD34+ 
cells/kg

10.96 Injection site reaction, nausea, 
diarrhea, fatigue, headache

G-CSF plus 
motixafortide[35]

Not 
specified

10.8 Not specified Not specified Injection site reactions, 
nausea, flushing, paresthesia, 
back pain, hypokalemia

Risk-adapted 
strategy: Plerixafor 
1[40]

Not 
specified

2.4 Not specified 6.1 As above, per standard G-CSF 
and plerixafor

Risk-adapted 
strategy: Plerixafor 
2[40]

Not 
specified

3.7 Not specified 7.8 As above, per standard G-CSF 
and plerixafor

G-CSF: Granulocyte colony-stimulating factor.

Figure 1. Approach to stem cell mobilization in newly diagnosed multiple myeloma. CXCR4: Chemokine receptor type 4; Dara: 
daratumumab; DRD: daratumumab -lenalidomide-dexamethasone; G-CSF: granulocyte colony-stimulating factor; KRD: carfilzomib-
lenalidomide-dexamethasone; PR: partial response; RVD: lenalidomide- bortezomib-dexamethasone; Vel: bortezomib.

this finding is still uncertain[36]. There is no study directly comparing motixafortide and plerixafor, but the 
findings from the GENESIS trial are promising and motixafortide has the potential to replace the role of 
plerixafor in mobilization. Motixafortide has recently been approved by the FDA[37]. Plerixafor is now off-
patent and has been made as a generic, but the generic formulation is not yet widely available. Initial studies 
of the generics have shown that their efficacy and safety are comparable to the original[38,39].

Some institutions implement a risk-adapted strategy in which peripheral CD34 cell count is measured after 
patients receive G-CSF to identify patients who are poor mobilizers and require mobilization with 
plerixafor[40,41]. This strategy was designed to achieve cost savings by decreasing the use of costly CXCR4 
inhibitors. One study analyzed stem cell yields and costs for two different risk-adapted algorithms. In the 
first algorithm (plerixafor-1), mobilization was initiated with G-CSF alone, and if peripheral blood CD34 
counts on day 4 or day 5 were < 10/μL, plerixafor was administered. Furthermore, if on any day, the yield 
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was < 0.5 × 106 CD34/kg, plerixafor was added. An additional algorithm (plerixafor-2) was also analyzed, 
which had lower thresholds for plerixafor administration. In this algorithm, plerixafor was added if day-4 
PB CD34 < 10/μL for single or < 20/μL for multiple transplantations, or day-1 yield was < 1.5 × 106 CD34/kg, 
or any subsequent daily yield was < 0.5 × 106 CD34/kg. Stem cell yields were improved with the risk-adapted 
strategies. Median CD34 yield for G-CSF alone, plerixafor-1, and plerixafor-2 were 5.6, 6.1, and 
7.8 × 106 CD34/kg, respectively. Additionally, more patients met the minimum goal of ≥ 2 × 106 CD34/kg 
when risk-adapted strategies were used (81% G-CSF alone, 95% plerixafor-1, and 99% plerixafor-2)[40].

COST OF MOBILIZATION
Mobilization of stem cells is a costly process, and although what is in the best medical interest of patients 
should be at the forefront of mobilization treatment plans, financial stewardship is also needed. Much of the 
cost of mobilization comes from the use of expensive mobilizing agents. Contracted prices of plerixafor vary 
between institutions, but costs typically exceed $7,000 per dose[42,43]. As previously mentioned, generic 
formulations of plerixafor are becoming available, so cost will hopefully decrease in the near future, but our 
experience with other generics shows that this is not always the case. Motixafortide is even more expensive, 
at around $12,000 per vial[44]. Although plerixafor and motixafortide add additional upfront costs to 
mobilization, some of these expenses are offset by reductions in days of additional collection and associated 
costs including nursing, apheresis, and additional lab work. Days of stem cell collection are expensive, with 
a variable reported cost per session ranging from $4,680 to $12,985[43,45]. The cost-effectiveness of plerixafor 
was  demonstra ted  in  a  re t rospec t ive  ana lys i s  compar ing  upfront  p ler ixa for  p lus  
G-CSF vs. cyclophosphamide plus G-CSF in MM patients. In this analysis, the cost as determined by 
Medicare reimbursement rates (P = 0.27) and institutional-specific costs and charges (P < 0.001) were 
decreased in the plerixafor group[46]. Additionally, patients who received plerixafor had improved 
mobilization success, defined as greater than 5 × 106 CD34/kg (94% vs. 83%, P = 0.013). The decreased costs 
were attributed to lower hospitalization rates, decreased salvage mobilizations, and fewer doses of G-CSF 
required. Finally, the cryopreservation of stem cells adds additional cost, with one institution reporting that 
the cost of storage for one year is $4,790 per patient[45]. However, less expensive methodologies, such as our 
5% DMSO/6%HES -80C storage approach, which omits the need for liquid nitrogen, are available[47].

In addition to the financial cost directly associated with additional days of collection, there are also more 
indirect costs such as the cost of transportation, the time spent by the patient at additional appointments, 
the stress and psychological cost to patients, and the additional burden on caregivers. It is important to note 
that improved stem cell yields with the use of CXCR4 inhibitors may also decrease post-transplant costs. As 
we will discuss in more detail later, improved stem cell transplant doses may lead to quicker engraftment, 
shorter hospitalizations, and fewer infusions, leading to decreased costs.

GOAL APHERESIS TARGETS
Research has shown that increased CD34+ autologous hematopoietic stem cell dose in ASCT is associated 
with improved outcomes. The international myeloma working group (IMWG) recommends that at least 
4 × 106 CD34 cells/kg be harvested and, if possible, 8-10 × 106 CD34+ cells/kg[48]. These collection targets 
allow patients to undergo two transplants if needed. The European Society for Blood and Marrow 
Transplantation (EBMT) recommends a minimum of 2 × 106 CD34+ cells/kg to be given for an ASCT[49]. 
Similarly, guidelines from the American Society for Blood and Marrow Transplantation (ASBMT) note that 
2 × 106 CD34+ cells/kg is a safe minimum for a transplant but note that an optimal cell count may be greater 
than 5 million CD34+ cells/kg[33].
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Higher stem cell doses are associated with earlier engraftment. There is a known negative correlation 
between CD34 dose and time to both neutrophil and platelet engraftment[50] and engraftment kinetics 
demonstrate that infused CD34 dose and time to engraftment are negatively correlated. An early report 
found that if the infused CD34 dose was between 5.0 and 7.5 × 106/kg, there was a 95% chance of having 
neutrophil engraftment by day 15 and although a minimal threshold could not be defined, a dose 
≥ 5.0 × 106 CD34+ cells/kg appears to be ideal for rapid engraftment[51]. Similarly, another study found that 
patients who were infused > 1.5 × 106 CD34 cells/kg had earlier engraftment times (median 11 vs. 19 days, 
P = 0.0002)[52].

Data also support that higher doses of infused stem cells are associated with shorter hospital stays. This 
conclusion comes from a retrospective analysis of patients who underwent ASCT for various malignancies 
including non-Hodgkin lymphoma and MM. Patients infused with more than 5.0 × 106 cells/kg had 3.3 
fewer hospital days. Additionally, patients infused with more than 5.0 × 106 cells/kg had lower resource 
utilization. In the group of patients who received more than 5.0 × 106 cells/kg, the mean number of platelet 
transfusions was 2.9 compared to 5.1, red blood cell transfusions were 2.6 compared to 3.4, and days of IV 
antibiotics were 6.5 compared to 12.0. This difference in resource utilization led to a difference in cost of 
care at $41,516 vs. $32,382[53].

HARVESTING ENOUGH CELLS FOR TWO TRANSPLANTS AND STEM CELL BOOSTS FOR 
POOR MARROW FUNCTION
An important question surrounding stem cell collection is whether enough cells should be collected to 
perform a salvage second transplant (SAT) if needed. SAT should be considered at the time of relapse in 
patients who sustained a prolonged remission after first transplant. Support for SAT comes from two 
randomized trials and a recently completed phase 2 trial, the CARFI study. The BSBMT/UKMF Myeloma X 
study compared a non-transplantation approach to SAT. In this Phase III, open-label, randomized trial 
conducted across multiple centers, patients who experienced a relapse following at least a 12-month 
progression-free survival (PFS) after upfront autologous stem cell transplantation (ASCT) underwent re-
induction therapy. They were then randomized to receive either SAT or weekly cyclophosphamide for 
12 weeks. In this trial, a significant advantage in PFS of 19 vs. 11 months (hazard ratio, 0.45; 95% confidence 
interval, 0.32 to 0.64; P < 0.0001) was found in the SAT group, although no OS advantage was shown[54]. The 
ReLApsE trial is another randomized trial comparing SAT vs. a nontransplantation approach. In this phase 
III, open-label, randomized, multicenter trial, relapsed MM patients were randomly assigned to receive 
three cycles of lenalidomide plus dexamethasone (Rd) followed by high-dose melphalan plus SAT and 
lenalidomide maintenance until progression vs. treatment with Rd until progression without SAT. Although 
the intention-to-treat analysis did not show a significant difference in OS and PFS in the two groups, a post-
hoc analysis starting at the time of transplant showed an improved OS in the transplant group [hazard ratio 
(HR): 0.56; 95%CI: 0.32-0.99][55]. While informative, the results of both of these trials are difficult to 
interpret as the non-SAT arms are not consistent with current recommended therapies.

The use of novel maintenance therapies after SAT has also improved the benefits that SAT provides. The 
CARFI study is a randomized phase II trial in which patients at initial relapse of MM were re-induced with 
four cycles of carfilzomib, cyclophosphamide, and dexamethasone and then underwent SAT. Following the 
transplant, they were randomized to either observation or maintenance with carfilzomib and 
dexamethasone. Maintenance therapy with carfilzomib and dexamethasone improved time to progression 
(TTP). Median TTP after randomization was 25.1 months (22.5‐NR) in the carfilzomib‐dexamethasone 
maintenance group and 16.7 months (14.4-21.8) in the control group (HR: 0.46, 95%CI: 0.30-0.71; 
P = 0.0004)[56]. As new therapies are developed, which can be implemented both as a non-transplant 
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approach at the time of relapse as well as maintenance therapy after SAT, the precise role of SAT continues 
to evolve. Importantly, there have been extensive retrospective reports showing that patients who have a 
prolonged interval from initial transplant to relapse have improved outcomes after SAT[57], including a 
landmark CIMBTR report demonstrating that at least 36 months from initial transplant to relapse leads to 
superior PFS and OS[58]. To be considered for SAT, a minimum of 36 months but ideally greater than 5 years 
of remission should be achieved following upfront ASCT. SAT continues to be an excellent treatment 
option for such patients.

For MM patients with refractory disease and multiple relapses, chimeric antigen receptor (CAR)-T therapy 
should be considered. One potential complication of CAR-T therapy is prolonged cytopenias with 
hypoplastic bone marrow[59,60]. Retrospective analyses have reported the use of stored PBPCs for stem cell 
boosts is both effective in successfully recovering hematopoiesis and well tolerated[61,62]. It has also been 
proposed that stored PBPCs can be used as an alternative starting source for CAR-T cell manufacturing in 
heavily treated patients, which is being actively investigated[63].

Although harvesting additional stem cells for SAT has benefits, it also comes with significant financial costs. 
One analysis found that the cost per patient to harvest and store enough additional stem cells for SAT was 
US $16,590[64]. It is important to consider the associated costs given the low utilization rates of these cells. A 
retrospective analysis of a cohort of 400 MM patients who underwent ASCT found that at 6 years after 
transplant, only 12.0% of patients underwent SAT and an additional 1.9% of patients utilized stored cells for 
stem cell boost. Of note, none of the patients who were 70 years or older at the time of first transplant 
underwent SAT[65]. With the development of novel therapies, the number of patients undergoing SAT has 
been steadily decreasing since 1990[66]. Evolving treatment paradigms have decreased the utilization of 
stored stem cells for SAT, but utilization could potentially increase as novel uses of these cells are 
discovered.

CONCLUSION
ASCT remains an important therapy in the treatment of MM. Given the importance of ASCT, it is 
imperative to define the ideal approach to stem cell mobilization. The summary of our recommendations 
for optimal mobilization can be found in Figure 1. We recommend that patients receive 4-6 cycles of 
induction and not escalate or change therapy if patients have achieved at least PR. After completing 
induction, patients should be mobilized as soon as one week, and at the latest within 4 weeks to minimize 
delaying transplant. To optimize stem cell yields, we recommend that patients should receive G-CSF with 
upfront CXCR4 inhibitor. The minimum dose of CD34+ hematopoietic stem cells that should be given per 
transplant is at least 2 × 106 cells/kg with a goal dose of CD34+ hematopoietic stem cells of 4 × 106 cells/kg. 
We recommend harvesting enough stem cells for two transplants, although it is reasonable not to harvest 
enough cells for two transplants in older patients (i.e., older than 70) who are unlikely to utilize stored cells. 
As the MM landscape rapidly evolves, additional prospective trials are needed to further elucidate the 
optimal approach to hematopoietic stem cell mobilization, including optimal doses to store for both 
hematopoietic stem cell boosts in addition to salvage second transplant, cost-saving approaches to both 
collection and storage of hematopoietic stem cells, and potentially collecting and storing healthier t-cells 
early in the MM disease course for future CAR-T therapy.
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