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Related Haploidentical BMT 
(Repurposing Cyclophosphamide: 

Back to the Future)  



Mismatched allogeneic BMT 
Historically prohibitively toxic 

Early Leukemia 

IBMTR 
Szydlo et al JCO 1997 



Development of High-Dose Cy 

• Explored alternative to TBI for BMT 
- Evaluated immunosuppressive properties of all 
known anti-cancer agents 

- High-dose Cy most immunosuppressive → allo-
engraftment of mice 
 

• First 36 BMTs at Hopkins (1968-75), high 
Cy alone 
- Still conditioning regimen for aplastic anemia 
- High relapse rate in leukemia, busulfan added 
 

Santos & Owens (1960s-70s) 



• Cy post alloBMT prevented GVHD in mice 
(Santos/Owens – 1960s) 
- Only high doses (150-300 mg/kg) effective 
- Lower doses - limited activity 
 

• Standard Hopkins prophylaxis (1975-1984) 
- Low dose - 7.5 mg/kg/d x 4 (MTX schedule) 
because of hematologic toxicity fears 
 

• Randomized trial - less effective than CsA 
(Santos et al Clin Transplant 1986)  

Back to the future 
Cy for GVHD Prophylaxis 



Cyclophosphamide 

• Synthesized by Brock, Arnold, & Bourseaux 
– 1958 
- 8th anticancer agent FDA-approved  
 
 
 
 

History 

Cl-CH2-CH2 
 

               N- 
 

Cl-CH2-CH2 

O-CH2 
 

-P=O       CH2 
 

NH-CH2 
 

• Rationally designed to target cancer cells 
- Cancers over-express phosphamidase which can 
cleave P-N bond, releasing nitrogen mustard 

 
 

 

O-CH2 
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- Prodrug - but activation not via phosphamidase 
 

 
- Metabolic pathway of Cy unclear until 1984 
(Hilton and Colvin) 

- 1959 



Nat Rev Clin Oncol 6:638-647, 2009 

(& memory lymphocytes) 



Aldehyde Dehydrogenase 

• Group of 18 isoenzymes  
• ALDH1 family is rate limiting step in 
generating retinoic acid (RA) from vitamin A 
- ALDH1 also know as retinaldehyde dehydrogenase 
- HSCs and other stem cells require RA and highly 
express ALDH1 to generate RA  

• Cells expressing high ALDH1 resistant to Cy 
- By serendipity, the Cy metabolic intermediate 
aldophosphamide is a substrate for ALDH1 

Of stem cells, vitamin A, & cyclophosphamide 
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ALDH distinguishes normal and 
leukemic CD34+CD38- cells 

CD34+CD38- ALDHint = 96% AML by FISH  
CD34+CD38- ALDHhigh = 1.2% AML by FISH  

Gerber et al Blood 201 2 



Cy Spares Memory T cells 
Via their expression of ALDH1 

Kanakry et al Sci Transl Med 2013 



• Santos/Owens experiments from 1960s 
reconsidered 
- High dose Cy (200 mg/kg) prevented GVHD 
after haploBMT in mice (Luznik/Fuchs 2001) 

- 3 decades later, we now knew from both lab 
and clinical data that HSCs and memory 
lymphs are resistant to high-dose Cy  

• Launched clinical trial that frightened 
George Santos 

Hopkins (new millenium) 
Cy for GVHD Prophylaxis 



• High-dose Cy is immunoablative but allows 
rapid hematopoietic and immunologic 
recovery in autoimmunity 
- ANC >500 – median 13 (8-22) days 
- Last platelet transfusion – 12 (0-24) days 
- No opportunistic infections 
 

• 5 year actuarial survival 91% and EFS 21% 
in 140 pts with refractory autoimmunity 
 
 

 
 

Medicine 90:89-98, 2011 



• Most lymphocytes express low levels of ALDH 1 
and are sensitive to Cy 
- Memory lymphs and HSCs express high levels and 

are resistant to high dose Cy 

Biol Blood Marrow Transplant 14:641-650, 2008) 
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Blood  118(2):282-288, 2011 



BBMT 19: 117-22, 2013 



NRM Relapse 

J Clin Oncol 31:1310-1316 

OS DFS 



HaploBMT with PTCy 
↑’ing mismatch does not worsen outcome 

Grade II-IV acute GVHD 

Kasamon et al BBMT 2010 



Post-transplant Cy (PTCy) 

• PTCy selectively targets alloreactive T 
cells, which are maximally proliferative 
early after BMT 
- T cells specific for infectious agents are 
quiescent and thus less sensitive to Cy 

- Memory T cells, like other stem-like cells,  
highly express ALDH1 and are thus 
resistant to Cy  

• All haplotransplants are not created 
equal 

Immune recovery is excellent 



(PTCy) 

(PTCy) 

(PTCy) 

(PTCy) 

BBMT 18: 1835-1844, 2012 

TCD 

TCD 

TCD 



• Thymic-dependent 
- Impaired by thymic damage from conditioning 
- Impaired by GVHD 
- Impaired by age-related involution 
 

• Thymic-independent expansion of peripheral 
memory T cells 
- Major mechanism in older adults with thymic 
involution 

T cell regeneration after allogeneic BMT: 

Blood 117(25):6768-6776, 2011 



TCD Haplos and Cord Blood 

• TCD shows no selectivity toward 
alloreactive T cells 
- Also eliminates T cells reactive against 
infectious agents and memory T cells 

- Older adults (with thymic involution) rely on 
the peripheral expansion of memory T cells  

• Immune reconstitution and infections 
have also been concerns in older adults 
transplanted with umbilical cord blood 
- Cord blood also deficient in memory T cells 
 

Immune recovery is impaired 



Few opportunistic infections are seen 
Excellent Immune Recovery with PTCy 

Biol Blood Marrow Transplant 19(10):1514-7, 2013 

Luznik et al Biol Blood Marrow Transplant 14:641-650, 2008 

(First 68 related haploidentical transplants) 



PFS by decade
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J Clin Oncol In press, 2015 

JCO in press, 2015 



Survival Estimates by DRI 
  

3-year PFS (%)  3-year OS (%) 

DRI Matched Haplo Matched Haplo 

Low 66  62  70  72  

Intermediate 31  39  47  49  

High / v high 15  25  25  37  

DRI – disease-risk index (Armand et al Blood 120: 905-913)  

Blood 125(19):3024-31, 2015 



Blood 125(19):3024-31, 2015 





Allogeneic BMT 2015 

• No patient in need should be denied BMT 
- Alternative donor results similar to matched, 
and may even be preferable (probably don’t 
want sib donor over age 55 – 60) 

- Alternative donors allow minorities equal  
access  - haplo vs cord (CTN 1101) has 30% 
minority accrual (16% AA, 14% Hispanic)  

• Unnecessary delays should not occur - 
many pts can’t wait 3-4 months for MUD 

  
 

Should an 8/8 match still be the gold standard? 



Allogeneic BMT 2015 

• There is no rheostat for GVHD/GVT – pick 
your poison 
-  GVHD – less relapses/higher TRM 
-  GVHD – lower TRM/more relapses  

• Combining non-tolerant allo immune system 
with novel anticancer agents may provide 
GVT w/o toxicity of GVHD 
- AlloBMT followed by FLT3 TKIs for FLT3 AML 
- Should everyone get some form of postBMT 
maintenance?  
  
 

It’s time to get off the GVH/GVT vicious cycle 



Alternative Donor Transplantation 
Availability 
to patient Timing Acquisition 

cost Concerns Potential 
Advantages 

MUD 60% 3-4 
mos $35K 

1.  
 
2.  Long track record 

Cord >90% 6 wks $50K/unit 

1. Low stem cell #s 
2.  
  

 
 

1. No donor 
concerns 

2. Young HSCs 

Haplo 
(PTCy) 

1. Historical 
GVHD/mortality 
rates 

2.  
 

1. Excellent immune 
reconstitution 

2.   

Pros and cons 

Low memory T 
cell #’s producing 
impaired immune 
reconstitution 

>95% <4 wks 
$10K 
(Total 

cost=$170K)  

Relapse during 
search 
Availability to all 
ethnic groups 
(e.g., AAs) 

Low TRM: allows 
post-BMT anti-
cancer strategies 

Relapse – low 
GVHD rates 

Haplo with PTCy 
is really easy for 
both patients and 
medical staff 



Acknowledgments 

George Santos, Albert Owens 
Lyle Sensenbrenner 

John Hilton, Mike Colvin 
Rob Brodsky 

Ephraim Fuchs, Leo Luznik 
Jon Gerber 

Gabriel Ghiaur 
Paul O’Donnell 

Bill Matsui, Carol Ann Huff 
Doug Smith, Yvette Kasamon 

Javier B.Meade, Margaret Showel 
Milada Vala, Jamie Barber, 

Brandy Perkins 
 
 

 
 
 

Laboratory 

Clinic 

50 years of 

translational
research 

and team 
science 
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