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Abstract

Background—The impact of donor-host chimerism in post-hematopoietic stem cell transplant
(HSCT) outcomes is poorly understood. We were interested in studying whether pre-HSCT
variables influenced lineage-specific donor-host chimerism and how lineage-specific chimerism
impacts post-HSCT outcomes.

Objective—Our main objective was to study pre-HSCT variables as predictors of lineage-
specific donor-host chimerism patterns and to better characterize the relation of post-HSCT
lineage-specific chimerism with adverse outcomes including graft failure and disease relapse.

Study Desigh—We conducted a retrospective data analysis of all patients who underwent
allogeneic HSCT at the Pediatric Transplantation and Cellular Therapy service at Memorial Sloan
Kettering Cancer Center between January 2010 to June 2015 and had at least 2 measurements

of split-lineage chimerism. The trend of lineage-specific donor-host chimerism post-HSCT and
the impact of age, disease, graft and conditioning regimen on chimerism at 3 and 12 months
post-HSCT were studied. Wilcoxon signed rank tests, Mann-Whitney Wilcoxon tests, and Cox
proportional hazard models were used for statistical analyses.
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Results—137 patients were included (median age:11.3 years). Most patients had hematologic
malignancies (n=95), while fewer had non-malignant disorders (n=27) or primary immune
deficiencies (n=15). Myeloablative conditioning regimens (n=126) followed by T-cell depleted
(TCD) peripheral blood or bone marrow grafts (n=101) were more commonly used. Mixed
chimerism (MC) of total peripheral blood leukocytes (PBL) did not predict loss of donor
chimerism in all lineages and when stable, was not associated with graft failure or rejection in this
analyses. Split chimerism with complete donor chimerism (CC) of myeloid, B and NK-cells, but
not T-cells occurred early post-HSCT, but full donor T-cell chimerism was achieved at 12 months
post-HSCT by most patients. MC within the T-cell lineage was the major contributor to PBL
MC; with lower median donor T-cell chimerism at 3 (51%) than at 12 months (91%) post-HSCT
(p<0.0001). Predictors for MC at 3 and 12 months were: 1) age < 3 years (p=0.01 for PBLs and
p=0.003 for myeloid lineage); 2) non-malignant disorder (p=0.007 for PBLSs) and 3) the use of
RIC regimens. TCD grafts produced lower donor T-cell chimerism at 3 months post-HSCT when
compared to unmodified (p<0.0001), where T-cell lineage CC was achieved early post-HSCT;
the donor T-cell chimerism was similar at 12 months for both types of grafts. Umbilical cord
blood grafts had CC in all lineages at all time points post-HSCT. Loss of donor B-cell chimerism
was associated with increased risk of relapse in hematologic malignancies (Hazard Ratio=1.33,
p=0.05).

Conclusion—Age, underlying disease, conditioning regimen and graft manipulation can impact
post-HSCT donor-host chimerism and be predictors for early MC. MC in total PBLs and T-cells
was not related to graft failure or disease relapse. Whole blood PBL chimerism analysis is not
sufficient to assess the significance of post-HSCT donor-host status, and rather lineage-specific
chimerism, particularly for myeloid, T and B-cells, should be analyzed to guide interventions and
inform outcomes.

Introduction

Allogeneic hematopoietic stem cell transplant (HSCT) remains one of the curative therapies
for malignant and non-malignant hematologic and immune disorders.! Long-term outcome
of HSCT depends on several variables including age, disease, conditioning regimen, type of
graft, graft manipulation, and graft-versus-host disease (GvHD) prophylaxis. Given recent
advances in laboratory methodology, we can now study donor-host chimerism post-HCST

in more detail by analyzing donor-host percentages for different hematopoietic lineages.
Despite increased knowledge on donor-host chimerism status post-HSCT, its impact remains
poorly understood.

Chimerism can be monitored closely post-HSCT, and increasing host lineage-specific
chimerism could be the first sign of graft rejection, graft failure or disease relapse.2 Most
centers monitor total peripheral blood leukocytes (PBL) donor-host chimerism post-HSCT
and guide their interventions based on these results. Although the presence or progression
of lineage-specific host chimerism may raise concern for developing some of the previously
mentioned adverse outcomes, their true prognostic significance is not fully understood.
Rapid tapering or abrupt discontinuation of immunosuppression and donor-lymphocyte
infusions have been used as pre-emptive treatment of progressive host chimerism, with
variable responses and significant complications such as GvHD leading to additional
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morbidity.3-> Donor-host chimerism can be assessed using several methods. The analysis of
short tandem repeats (STR) with polymerase chain reactions (PCR), has provided a specific
and sensitive method for chimerism analysis in all donor and recipient combinations, with
the exception of identical twins.®

Complete replacement of a patient’s hematopoietic and immune systems by donor cells is
not essential in a number of non-malignant hematologic disorders. There are conflicting
reports regarding the implications of progressive mixed chimerism (MC) in these patients,
with some groups describing higher risk of graft failure and recurrent disease 7 and others
describing stable MC without negative effects on long-term outcome.8 MC after HSCT

for hematologic malignancies causes concern for the presence of residual leukemic or
leukemic stem cells and for loss of any graft-versus-leukemia effect. Evidence is conflicting,
with some investigators reporting significant association between disease relapse and re-
emergence of host-derived CD38+ and CD8+ cells 2 10 and others concluding that persistent
MC is not predictive of relapse in pediatric patients who received HSCT for malignant
disorders.11. 12

We retrospectively reviewed lineage-specific donor-host chimerism in recipients of
allogeneic HSCT in the Pediatric Stem Cell Transplantation and Cellular Therapies (TCT)
service at Memorial Sloan Kettering Cancer Center (MSKCC) and analyzed different pre-
transplant variables to better understand their relation to lineage-specific chimerism and
long-term post-HSCT outcomes.

Patients and Methods

Patient Characteristics

After approval of the Institutional Review Board was obtained, the medical records of

154 consecutive patients who underwent allogeneic HSCT between January 2010 to

June 2015 on the Pediatric TCT Service at MSKCC were retrospectively reviewed. All
patient diagnoses were included in the analysis; hematologic malignancies, non-malignant
hematologic disorders and non-malignant immunologic or leukocyte disorders. Patients were
excluded from analysis if they required cellular therapy from a donor other than the original
HSCT donor prior to 30 days post-HSCT, died less than 3 months post-HSCT, received
treatment with allogeneic cytotoxic T-cells for Epstein-Barr virus (EBV) or Cytomegalovirus
(CMV) infections, or had early graft rejection or early graft failure (defined as occurring less
than 30 days post-HSCT).

Conditioning Regimens and Grafts

Patients received myeloablative, non-myeloablative, or reduced-intensity conditioning (RIC)
regimens depending on their underlying disease and human leukocyte antigen (HLA)-
matched or mismatched grafts from related or unrelated donors. Center for International
Blood & Marrow Transplant Research operational guidelines or MSKCC institutional
guidelines were used to classify regimens as myeloablative, reduced intensity or non-
myeloablative. Type of grafts included unmodified bone marrow (BM) or peripheral blood
stem cells (PBSCs), T-cell depleted (TCD) BM or PBSCs or single umbilical cord blood
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(UCB). Graft selection depended on disease, donor availability and the discretion of the
treating clinician. PBSCs were harvested after mobilization according to National Marrow
Donor Program and institutional guidelines. Grafts were infused intravenously 36-48 hours
after the last dose of chemotherapy. CD34+ cell selection from PBMSCs was performed
using the CliniMACS device (Miltenyi Biotec, Bergisch Gladbach, Germany)13 or the
ISOLEX 300i Magnetic Cell Selection System (Baxter Health Care Corporation, Dearfield,
IL.14 followed by E-rosetting TCD for BM grafts was performed with sequential soybean
lectin agglutination and SRBC rosette depletion of T-cells.15: 16

Supportive Care

MSKCC standard guidelines were used for patient’s clinical management, including

blood product transfusion support, antimicrobial prophylaxis and supportive medications
surrounding conditioning regimen. G-CSF was administered at 5 mcg/kg IV twice daily
from day +7 post-HSCT until neutrophil engraftment. Intravenous low-dose Heparin and
Ursodiol were used for veno-occlusive disease prophylaxis. Antimicrobial prophylaxis
included Sulfamethoxazole/Trimethoprim or Pentamidine, Acyclovir and Micafungin.
Broad-spectrum antibiotics were administered for the treatment of febrile neutropenia and
infectious complications were treated based on organism sensitivities. EBV and CMV titers
were monitored regularly post-HSCT to assess for viral reactivation.

Assessment of Donor-Host Chimerism

Definitions

STR polymorphism analysis at the American Red Cross Blood Services (Philadelphia,
PA) and, in sex mismatched cases, fluorescence in situ hybridization techniques were

used to monitor donor-host chimerism post-HSCT. Genomic DNAs from whole blood

or buccal swabs collected prior to HSCT and from various cell-lineages (myeloid, T, B,
and NK-cells) separated from whole blood and collected within 24-48 hours at different
time points were extracted with Maxwell 16 instrument according to manufacturer’s insert
(Promega Corporation, Madison, WI). The CD markers used for the selection of myeloid,
T, B and NK-cells were CD33/66b, CD3, CD19/20 and CD56 respectively (STEMCELL
TECHNOLOGIES). To monitor donor-host chimerism post-HSCT in cell-lineages,17: 18
we used PCR based amplification of polymorphic STR markers using the GlobalFilerTM
STR kit (Life Technologies, Warrington, U.K.). We utilized a pilot model for chimerism
monitoring in our cohort. Lineage-specific chimerism was monitored at different time points
post-HSCT. Occasionally, these time points were driven by patient and provider-specific
clinical care scenarios. Patient’s immune status, absolute lymphocyte counts, T-, B- and
NK-cell populations were monitored regularly post-HSCT until 12-24 months and at later
time points based on immune recovery status as per institutional guidelines.

Complete chimerism (CC) was defined as complete hematopoietic replacement of the
bone marrow and peripheral blood with >90% donor cells. Whole blood PBL chimerism
represents the sum of the myeloid, T-, B- and NK-cells, and is affected when the specific
lineage chimerisms vary, as well as the absolute numbers of each of these lineages. A state
of MC was considered when 5-95% host cells were detected in either PBLs or any single
lineage. Split-chimerism was defined as the presence of one or more cell lineages with
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100% of host origin, while others preserved full donor origin. We defined complete donor
lineage-specific chimerism as >95% donor cells for all lineages.

Neutrophil engraftment was defined as a measurable neutrophil count > 0.5 x 10%/L for three
consecutive days. Primary graft failure was defined as failure to recover neutrophil count by
day 28 post-HSCT without evidence of relapsed disease. Secondary graft failure was defined
as graft failure occurring either after initial partial or complete engraftment and was depicted
by recurrent pancytopenia with neutrophil count < 0.5 x 10%/L without evidence of relapsed
disease. Patients with 100% host chimerism were thought to have graft rejection and all
others were thought to have graft failure.

GvHD was diagnosed clinically and confirmed by biopsy if possible. Patients were assessed
for acute GvHD from engraftment day or day 14 post-HSCT, whichever was earlier,

until 100 days post-HSCT. GvHD scoring was based on the International Bone Marrow
Transplant Research Criteria (modified Keystone).19 Patients who survived past 100 days
post-HSCT were assessed for chronic GvHD utilizing Sullivan’s et al. scoring criteria prior
to December 2017 and NIH consensus criteria after that time.20

The evolution of chimerism overall and by lineage was represented graphically using the
mean at each timepoint, while the shaded area represents the 95% confidence interval
(when enough data was available). Wilcoxon signed rank tests were used to compare the
distribution of the chimerism percentage for each lineage at 3 months versus 12 months. The
level at 3 months was defined as an average of the level between 15 days and 3 months,

in order to account for missing 3-month measurements. The impact of several donor, host
and transplantation related variables, namely age, disease, graft and conditioning regimens,
on donor-host lineage-specific chimerism at 3 and 12 months post-HSCT was investigated.
Mann-Whitney-Wilcoxon tests were used to compare the distribution of the chimerism
percentage between subgroups defined by age (<3 years versus =3 years), disease, graft
(TCD versus unmodified; UCB was described but not part of the comparison as too few
patients received this type of transplantation) and conditioning regimen (myeloablative
versus reduced intensity and non-myeloablative). The time to relapse was defined as the
time from HSCT to the time of a registered relapse. Patients who are alive without relapse
are censored at their date of last follow-up. Deaths before relapse are considered competing
events. The impact of the chimerism percentage on the risk of relapse was assessed using
Cox proportional hazard models with the chimerism as a time-dependent covariable whose
value is updated at each measurement up to the time of relapse.

Patient and Donor Characteristics

Patient and disease characteristics are detailed in Table 1. Overall, 137 of 154 patients
transplanted in the study period were included in the analysis. 17 patients were excluded
based on the following: early deaths (n=2), 2"d HSCT (n=7), HSCT from more than one
donor (n=1), recipients of CTLs for CMV (n=5) or EBV (n=1) infections, and patient treated
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in the adult service (n=1) .Median age at transplant was 11.3 years (range: 0.1-32.2) and
median post-HSCT follow up was 3.4 years (range: 1 month-7.4 years). Diseases included
hematologic malignancies (n=95), non-malignant hematologic disorders (n=27) and primary
immune deficiencies (PIDs, n=15; Table 1). The most common hematologic malignancies
included acute lymphoblastic (ALL, n=43) and myeloid (AML, n=38) leukemias. Most
patients with inherited bone marrow failure syndromes (IBMFS) had Fanconi anemia
(n=11) and hemoglobinopathies included Thalassemia (n=3) and Sickle Cell Anemia (n=2).
Most patients with PIDs had Severe Combined Immunodeficiency (SCID) (n=7) and other
combined immunodeficiencies were less frequent (n=4).

Conditioning regimen and graft characteristics are summarized in Table 2 in association
with disease category and donor status. The three most frequently used myeloablative
regimens included (1) Hyper-fractionated total body irradiation (TBI) (1375-1500 cGy);
Thiotepa(10 mg/kg over 1 or 2 days) and either Cyclophosphamide(60 mg/kg/day x

2 doses) or Fludarabine(25 mg/m? x 5 doses) which was used in most patients with
malignant hematologic disorders (n=42), (2) Clofarabine(20-30 mg/m?2/day x 5 doses),
Melphalan (70 mg/m2/day x 2 doses), Thiotepa(10 mg/kg over 1 or 2 days)(n=26) and (3)
Busulfan (0.8 mg/kg every 6 hours x 10 or 12 doses with dose adjusted according to
pharmacokinetics on days —9 to -7 (based on analysis performed at FHCC until 10/2012
and for 7 — 9 doses after 10/2012 as per pharmacokinetics conducted at MSKCC)),
Melphalan (70 mg/m?2/day x 2 doses) and Fludarabine (25 mg/m?/day x 5 doses) (n=19).
Non-myeloablative regimens included Fludarabine/Cyclophosphamide(n=4, Fludarabine(30
mg/m2/day x 4 doses) and Cyclophosphamide(10 mg/kg/day 1V x 4 doses) and Busulfan/
Cyclophosphamide/Fludarabine (n=1, Busulfan: 0.6-0.8 mg/kg IV every 12 h x 4 doses,
with pharmacokinetics based adjustment, Cyclophosphamide: 10 mg/kg/day IV x 4 doses
and Fludarabine: 35 mg/m?/day x 4 doses). Fludarabine/Melphalan (n=2) and low dose TBI/
Fludarabine/Cyclophosphamide (n=2) were used as reduced intensity conditioning regimens.
Two patients with SCID did not receive pre-HSCT conditioning based on their disease
subtype.

For GvHD prophylaxis, ex-vivo TCD was used in the majority (73.7%) of patients while
administration of a calcineurin inhibitor with Mycophenolate Mofetil and/or Methotrexate
was used with unmodified transplants.

Assessment of Donor-Host Chimerism

The distribution of donor chimerism percent at sequential post-HSCT timepoints for all cell
lineages in the entire patient cohort is illustrated in Figure 1. The total PBL chimerism

value represents the average chimerism of all lineages combined, with possible different
trends of single lineages over time, as illustrated in Figure 1. The T-cell lineage had the
lowest percentage of donor chimerism at all time points, although it increased with time.
Observation of lineage-specific donor chimerism at different post-HSCT timepoints revealed
that CC of myeloid, B- and NK-cells but not T-cells was achieved in the early post-HSCT
period (Figure 2) with a large number of patients having a mixed T-cell chimerism while
preserving CC for the myeloid lineage.
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Donor PBL, myeloid and T-cell lineage chimerism were further compared focusing on
two timepoints: 1-3 months and 12 months post-HSCT. When looking at PBL, myeloid
and T-cell lineage mean chimerism percentages, we found the following: mean donor PBL
chimerism was 93.6% and 88.5% at 3 vs 12 months post-HSCT respectively (p=0.40),
mean myeloid chimerism was 97.9% and 90.1%, respectively (p=0.03), while T-cell donor
chimerism was 48.7% and 81.2% at 3 vs 12 months respectively (p < 0.0001).

Impact of Pre-HSCT and HSCT Variables in Donor-Host Chimerism

A larger decrease of median donor PBL chimerism was observed in patients < 3 years old
when compared to older patients (p=0.01). Younger patients had progressive host chimerism
in the myeloid lineage (figure 3A) while older patients preserved full donor chimerism; this
difference was significant (p=0.003). CC or near CC was observed for the T-cell lineage at
12 months post-HSCT for the younger patients (figure 3A). Patients = 3 years had CC for all
lineages except for T-cells during the early and late post-HSCT period (figure 3B). It should
be noted that the cohort of younger children included 11/18 patients with PIDs who were
more likely to have received non-myeloablative/RIC regimens.

Patients with non-malignant disorders had a larger loss of donor PBL chimerism between

3 months (mean=91.7%, range: 6-100%) and 12 months (mean=80.4%, range: 3-100%,
mean difference = —10.5) post-HSCT when compared to patients with malignant disorders
(mean difference:+2, p=0.007). Lineage-specific donor chimerism trends for non-malignant
disorders (Figures 4A-4C and 4E-4F) showed preserved CC for the myeloid, B and NK-cell
lineages, while chimerism for the T-cell lineage was mixed early post-HSC with an increase
in donor chimerism percent over time. Patients with hematologic malignancies had CC
status in PBLs and myeloid lineage early post-HSCT, with PBL mean donor chimerism
percent of 92.8% and 96.2% at 3 and 12 months post-HSCT (figure 4D). MC for the T-cell
lineage went from 55.2% at 3 months (range:0 —100%), to 85.6% (range: 19-100%) at 12
months post-HSCT (figure 4D). Patients with PID had donor chimerism of the myeloid
lineage early post transplant and loss of chimerism thereafter, driving a decrease in donor
chimerism in PBL (figure 4E). MC in the T-cell lineage was also noted in the early post-
HSCT period in this group but with an increase in donor chimerism over time.

There was no evidence that the difference in donor chimerism between 3 and 12 months
was significant between TCD and unmodified grafts for PBLs (p=0.17) or myeloid cells
(p=0.30). For unmodified BM and PBSC grafts, T-cell lineage CC was achieved early
post-HSCT (figure 5B). For TCD grafts, the trend for T-cell lineage CC took up to a

year to complete (figure 5A), with mean donor T-cell chimerism of 47.3% at 3 months
(range: 0-100%) and 82.4% at 12 months post-HSCT (range: 14-100). This trajectory was
significantly different (p=0.02) when compared to unmodified grafts. The myeloid lineage
trends revealed CC in the early post-HSCT period for all grafts, with progressive MC
during the late post-HSCT period in the TCD and unmaodified group (figures 5A&B). This
was more pronounced in the unmodified graft group driven by non-malignant disorders.
UCB grafts were associated with CC for all cell lineages throughout the entire post-HSCT
period(Figure 5C).
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Patients who received TBI-containing regimens achieved higher T-cell lineage donor
chimerism early post-HSCT compared to those receiving non-TBI containing regimens,
while both groups achieved CC for the T-cell lineage late post-HSCT (figures 6A and

6B). CC for the myeloid lineage was achieved in both groups during the early post-HSCT
period. Patients that received non-myeloablative/RIC regimens had progressive MC for all
cell lineages with time (figure 6C). There were no significant differences in PBL (p=0.15),
myeloid (p =0.08) or T-cell (p=0.28) donor chimerism change between 3 and 12 months
post-HSCT between patients receiving myeloablative and non-myeloablative/RIC regimens.

Among the 136 (of 137) patients with evaluation for neutrophil engraftment, it occurred in
the majority of patients (n=132), while primary (n=1) and late graft failure were rare (n=3).
The three patients with late graft failure had progressive MC with loss of donor chimerism
for all cell-lineages.

Overall, 26 out of of 99 patients with hematologic malignancies (29.2%) had disease relapse.
Diagnoses included lymphoid (n = 17; B-cell ALL, n=9, T-cell ALL, n=7 and Burkitt’s
lymphoma, n=1) and myeloid (n=9; AML n=7, JMML n=1, MDS n=1) malignancies. B-cell
donor chimerism data was available for 15/26 patients. Their median time between last
chimerism value and relapse was 160 days (range: 20-540). For all patients in the cohort
with known chimerism, the hazard ratio for disease relapse was 1.33 (95% CI: 1.00-1.76,
p=0.05) for every 10% decrease in B-cell donor chimerism, reflecting a 33% increase in the
risk for relapse. However, this was not the case for T-cell or myeloid chimerism, where a
10% decrease in donor chimerism had a HR of 0.98 (95% Cl: 0.85-1.12, p=0.75) and 1.25
(95% ClI: 0.97-1.60, p=0.09) respectively.

Discussion

Our study represents a retrospective analysis of post-HSCT lineage-specific donor-host
chimerism in a large pediatric cohort who received allogeneic HSCT for diverse indications,
using different types of grafts and graft manipulation. In summary, we showed that (1)
persistent MC occurs more often in younger patients, after RIC transplants, or in non-
malignant disorders, without necessarily being associated with graft failure, (2) early host
T-cell chimerism following TCD grafts was “benign” and led to complete T-cell chimerism
at 1 year post-HSCT, therefore making TCD, unmodified BM or PBSC and UCB grafts
equal in terms of chimerism at one year post-HSCT, (3) the loss of donor B-cell chimerism
in hematologic malignancies may be an early indicator of relapse, and (4) T and myeloid
lineage chimerism are the major determinants of the whole blood PBL chimerism, and the
transplant outcome.

Our study had several limitations. The number of patients with available chimerism data
for all lineages at any given time point was limited given that chimerism monitoring
was not standardized and on occasions driven by individual patient/provider specific
circumstances. Please refer to supplemental table S1 and figure S2 in the supplementary
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materials for detailed characteristics and lineage specific chimerism trends of this subgroup
within our cohort. Our results could guide the development of a standardized approach

to post-HSCT donor-host lineage-specific chimerism monitoring that could be validated in
future studies. Additionally, given the expertise with T-cell depletion techniques used for
graft manipulation at our center, a large number of patients in our cohort received TCD
grafts. This potentially influenced the donor-host T-cell lineage chimerism patterns in our
cohort and might not be applicable to centers that routinely use conventional stem cell or
UCB grafts. However, our study provides valuable information on the graft kinetics and
chimerism trends of TCD grafts that has not previously been reported in the literature and
could be informative to other centers.

Lineage-specific chimerism analysis appears to be more representative of the dynamic
post-HSCT engraftment process compared to whole blood chimerism.2L: 22 |n our cohort,
most patients had complete myeloid donor chimerism early post-HSCT while T-cell donor
chimerism was mixed during that period and slowly increased to full donor thereafter;
leading to the frequent finding of mixed whole blood PBL chimerism. This finding and the
lack of evidence of graft failure and relapse with MC of the T-cell lineage highlights the
importance of investigating lineage-specific chimerism to guide clinical practice and avoid
unnecessary interventions that could lead to increased morbidity and mortality.

Age < 3 years at the time of HSCT significantly impacted post-HSCT donor-host chimerism.
The pharmacokinetics of drugs in infants and young children differ to those of older children
and young adults given age-specific physiologic and metabolic processes that influence

drug deposition, dose, plasma concentration and pharmacodynamics.23 24 Lower levels of
pre-HSCT chemotherapy agents secondary to altered metabolism during conditioning likely
influenced the impact of younger age on post-HSCT chimerism; where MC in the myeloid
lineage and PBL at 3 and 12 months post-HSCT was observed. This was noted despite using
a pharmacokinetics based approach for busulfan dosing in this population. Additionally,

this age group includes a majority of patients with PID, for whom received RIC regimens
are commonly used based on reports that durable split chimerism can support long term
adequate immune function and survival.2>

Having an underlying non-malignant disorder was associated with a steeper decrease in
donor PBL chimerism from 3 to 12 months post-HSCT in our cohort. However, CC was
preserved in all lineages except for T-cells, indicating that MC in the T-cell lineage was the
major contributor to the global decrease in PBL donor chimerism. Only two patients in this
group developed graft failure while the remainder of live patients at last follow up preserved
continued engraftment and disease remission. Similar results for patients with PIDs and
hemoglobinopathies have been reported, indicating that low levels of donor chimerism are
sufficient to reverse the disease phenotype after allogeneic-HSCT and allow for continued
engraftment despite MC.26-29

Conditioning regimen, type of graft and graft manipulation influence chimerism. Selection
of conditioning regimen depends on patient diagnosis, remission status, comorbidities

and donor availability.30 In general, myeloablative regimens are used in patients with
hematologic malignancies and have been associated with earlier achievement of CC, while

Transplant Cell Ther. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Llaurador et al.

Page 10

RIC regimens are frequently used for non-malignant disorders given that CC is not needed
in most of these patients. RIC regimens have decreased toxicity but commonly lead to

MC and concerns about graft failure remain.31-33 In our cohort, there were no differences

in donor PBL chimerism when comparing TBI vs non-TBI myeloablative regimens, but
persistent MC for the T-cell lineage was observed in patients who received non-TBI
containing regimens. We can infer that these host T-cells lacked alloreactivity as they did not
lead to graft rejection in this cohort. However, this reflects a need for closer monitoring of
T-cell lineage chimerism in this group. Patients receiving RIC/non-myeloablative regimens
had a trend towards mixed but stable chimerism in all lineages. The fact that no adverse
post-HSCT outcomes were observed in this group indicates that MC is not necessarily
detrimental when stable and therapeutic interventions such as donor-lymphocyte infusions or
increased immunosuppression could be avoided in this scenario.

TCD graft recipients had significantly lower donor T-cell chimerism at 3 months post-HSCT
when compared to unmodified and UCB graft recipients. They eventually achieved complete
donor T-cell chimerism, indicating that this is a progressive process that takes several
months to occur. UCB grafts represent an alternative source of HSCs for both children and
adults lacking a matched unrelated BM or PBSC donor with similar graft-versus-leukemia
effect and decreased risk of acute and chronic GvHD.34 35 In our study, all UCB graft
recipients had sustained CC for all cell lineages post-HSCT. Published data on donor
chimerism status after UCB HSCT is limited. Elkaim et al. reported the cumulative
incidence of near-complete donor chimerism in 94 children recipients of single UCB HSCT
for malignant and non-malignant disorders to be 81.9% at 1 year post-HSCT and identified
history of malignancy, older age and increased level of HLA mismatch as positive predictive
factors.38 Despite our small number of UCB graft recipients, our results are consistent with
published literature showing achievement of CC post-HSCT in most UCB recipients.37-39

Graft rejection and failure are rare but serious complications of allogeneic-HSCT associated
with multifactorial risks including HLA disparity, ABO mismatch, RIC regimens, infections,
myelosuppressive drugs, low nucleated cell dose of the graft, TCD and allosensitization of
the recipient.40 Progressive host chimerism has been identified as a risk factor for secondary
graft failure in patients with bone marrow failure syndromes.#13 In our cohort, graft failure
was rare despite the presence of host immune cells in patients with MC post transplant.
Although MC was more common in patients with non-malignant disorders this was mostly
driven by MC in the T-cell lineage early post-HSCT and graft failure did not occur. It

could be inferred that the transient presence of host T-cells early post-HSCT did not cause
immune-mediated rejection and since all patients recovered CC for the T-cell lineage at 12
months post-HSCT, the risk for this adverse outcome was lower at this time. None of the
patients with graft failure in our cohort had bone marrow failure as underlying diagnosis

and they all developed progressive MC in all lineages leading to complete loss of donor
chimerism. This suggests that donor PBL MC is not sufficient to predict graft failure, but
progressive lineage-specific MC in all cell-lineages is suggestive of this complication and
should lead to additional investigation and possible interventions.

MC in HSCT for malignant diseases can be concerning for the recurrence of host leukemic
cells, although this remains controversial. In our cohort, post-HSCT myeloid lineage
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chimerism in patients with myeloid malignancies did not reveal MC in the time period
leading to disease relapse, suggesting that myeloid-specific chimerism was unable to predict
relapse. For the entire cohort (including all patients with known chimerism, regardless

of relapse state), increases in host B-cell chimerism led to an increased risk of relapse,
suggesting that mixed B-cell lineage chimerism could be an indicator of this complication.
Increases in myeloid and T-cell host chimerism did not increase relapse risk. This differs
from previously published data demonstrating an association between re-emergence of host-
derived CD34+ and CD8+ cell subsets, but not CD19+ subsets and post-HSCT relapse

in children with ALL.10 Other groups found no difference in 3-year cumulative relapse
incidence between patients with hematologic malignancies with persistent MC or CC,
concluding that MC is not predictive of relapse. 11 12 Prospective studies of lineage-specific
chimerism at specific post-HSCT time points are needed to clarify its relationship to
hematologic malignancy relapse and to assess its application for early diagnosis of this
complication.

In conclusion, lineage-specific chimerism analyses provide a more accurate representation
of the post-HSCT donor-host chimerism dynamic than whole blood chimerism. Whole PBL
MC, when caused by T-cell MC, is not associated with adverse outcomes such as graft
failure or rejection, suggesting that decisions regarding interventions for MC should be made
cautiously and with hesitation. Young age, underlying non-malignant disorder and use of
RIC regimens were associated with PBL MC driven by the myeloid lineage, alluding to the
need for close follow-up in these subgroups. We recommend monitoring for T, myeloid and
PBL chimerism, at least 1, 3, and 12 months post-HSCT to determine the engraftment status
and guide clinical decision making. Future prospective studies are needed to validate our
proposed chimerism monitoring guidelines and increase our knowledge on the association
of lineage-specific donor-host chimerism with pre-HSCT factors and post-HSCT adverse
outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Young age, underlying non-malignant disorder diagnosis and the use of
reduced intensity conditioning regimens are associated with whole blood
mixed chimerism driven by the myeloid lineage, suggesting a need for closer
follow-up in these subgroups.

Whole blood mixed chimerism driven by the T-cell lineage in the setting of
T-cell depleted grafts is not related to adverse post-transplant and resolves
without additional interventions such as changes in immunosuppression or
donor lymphocyte infusions.

Lineage-specific chimerism analyses are a more accurate representation of the
post-transplant donor-host chimerism status than whole blood chimerism and
decision making related to interventions should be based in these results.
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Figure 1: Number of Patients Studied and Donor Chimerism Percentage According to Post-
HSCT Time Point - All Patient Groups, All Lineages (n=137)

The Y axis represents the number (N) of patients and the X axis represents the donor
chimerism percentage for each of the lineages (columns = PBL, myeloid, T-cell, B-cell and
NK-cell lineages) at different post-HSCT time points (rows = 30 days to 12 months).
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Dots indicate the mean values while the shaded area is the 95% confidence interval.
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Dots indicate the mean values while the shaded area is the 95% confidence interval, in
figures without shaded area, numbers where too small to calculate 95% confidence interval.
Figure 4A: Bone Marrow Failure-Severe Aplastic Anemia (BMF-SAA)

Figure 4B: Hemoglobinopathies (HgP)

Figure 4C: Inherited Bone Marrow Failures (IBMF)

Figure 4D: Hematologic Malignancies

Figure 4E: Primary Immunodeficiencies (P1Ds)

Figure 4F: White Blood Cell Disorders
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Dots indicate the mean values while the shaded area is the 95% confidence interval, in

figures without shaded area, numbers where too small to calculate 95% confidence interval.

Figure 5A: T-cell Depleted (TCD) Grafts

Figure 5B: Unmodified Bone Marrow (BM) or Peripheral Blood Stem Cells (PBSC) Grafts

Figure 5C: Umbilical Cord Blood Grafts
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Figure 6: Myeloid and T-cell Lineage Donor Chimerism Percents per Conditioning Regimen at
Different Post-HSCT Time Points

Dots indicate the mean values while the shaded area is the 95% confidence interval, in
figures without shaded area, numbers where too small to calculate 95% confidence interval.
Figure 6A: Total Body Irradiation (TBI) Containing Myeloablative Regimens

Figure 6B: Non-Total Body Irradiation (TBI) Containing Myeloablative Regimens
(Clofarabine/Melphalan/Thiotepa or Busulfan/Melphalan/Fludarabine)

Figure 6C: Non-myeloablative/Reduced Intensity Conditioning Regimens
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Table 1:

Baseline Patient and Transplantation Characteristics

Patient Characteristics N %
PATIENTS 137
AGE (YEARS)
<3 18 13
3-9 46 34
10-18 42 31
>18 31 23
GENDER
Male/Female 80/57  58/42
DISEASE
Non-malignant Hematologic 27 20
Acquired Severe Aplastic Anemia 6 4
Inherited Bone Marrow Failure Syndromes 16 12
Hemoglobinopathies 5 4
Primary Immune Deficiencies 15 11
Combined Immunodeficiencies 11 8
White Blood Cell Disorders 4 3
Malignant Hematologic Diseases 95 69

Leukemia /Myelodysplastic Syndrome/ Lymphoma 95 69

CONDITIONING REGIMEN

Myeloablative (TBI based and non-TBI based) 126 92

Reduced intensity/Non-myeloablative 9 7

No Cytoreduction (SCID) 2 1
DONOR TYPE

Matched related 43 31

Mismatched related/haploidentical 6 4

Matched/Mismatched unrelated 88 64

TYPE OF GRAFT AND GRAFT MANIPULATION

Unmodified Marrow or Peripheral Blood 29 21
T-cell Depleted Bone Marrow or Peripheral Blood 101 74
Single Umbilical Cord Blood 1 1
Double Umbilical Cord Blood 6 4
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Conditioning Regimen, Graft and Donor Characteristics

Table 2:

Page 29

Malignant Inherited Severe Hemoglobinopathies Combined White
Hematologic Bone Aplastic N (%) Immunodeficiencies N Blood Cell
Disorders N Marrow Anemia (%) * Disorders —
(%) Failure (SAA)N other N (%)
Syndromes (%) o
(IBMFS) N
(%)
Patients 95 (69) 16 (12) 6(4) 5(4) 11(8) 4 (3)
Donors
Matched Related 28 (29) 4 (25) 3(50) 5 (100) 2 (18) 1(25)
Matched
Unrelated
Mismatched 64 (67) 11 (69) 3(50) 0 8(73) 2 (50)
Unrelated
Mismatched
Related 3(3) 1(6) 0 0 1(9) 1(25)
Haploidentical
Conditioning Regimen
Myeloablative 93 (98) 14 (88) 2(33) 5 (100) 8(73) 4 (100)
Non
Myeloablative- 2(2) 2(12) 4 (67) 0 1(9) 0
Reduced intensity
None 0 0 0 0 2(18) 0
Graft and Graft Manipulation
T-cell depletion 75 (79) 14 (88) 2(33) 0 7 (64) 3(75)
Unmodified BM
o PBS(IZI 13 (14) 2(12) 4(67) 5 (100) 4 (36) 1(25)
Single or double
umbilical cord 7(7) 0 0 0 0 0
blood

*
Wiskott Aldrich Syndrome, Severe Combined Immunodeficiencies (SCID), Combined Immunodeficiencies (CID), X-linked hyper IgM

*:
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ok
Chronic Granulomatous Deficiency (CGD), Familial Hemophagocytic lymphohistiocitosys (HLH), HLH, Lymphocyte Adhesion Deficiency
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