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Abstract

Purpose: To develop a prognostic model and cytogenetic risk classification for previously treated
patients with chronic lymphocytic leukemia (CLL) undergoing reduced intensity conditioning
(RIC) allogeneic hematopoietic cell transplantation (HCT).

Patients and Methods: We performed a retrospective analysis of outcomes of 606 CLL
patients who underwent RIC allogeneic HCT between 2008 and 2014 reported to the Center for
International Blood and Marrow Transplant Research.

Results: Based on multivariable models, disease status, comorbidity index, lymphocyte count
and white blood cell count at HCT were selected for the development of prognostic model. Using
the prognostic score, we stratified patients into low, intermediate, high, and very high risk (4-year
progression-free survival (PFS) 58%, 42%, 33%, and 25%, respectively, p<0.0001; 4-year overall
survival (OS) 70%, 57%, 54%, and 38%, respectively, p<0.0001). We also evaluated karyotypic
abnormalities together with del(17p) and found that del(17p) or =5 abnormalities showed inferior
PFS. Using a multivariable model, we classified cytogenetic risk into low, intermediate, and high
(p<0.0001). When the prognostic score and cytogenetic risk were combined, patients with low
prognostic score and low cytogenetic risk had prolonged PFS (61% at 4-year) and OS (75% at 4-
year).

Conclusions: In this large cohort of previously treated CLL patients who underwent RIC HCT,
we developed a robust prognostic scoring system of HCT outcomes and a novel cytogenetic based
risk stratification system. These prognostic models can be used for counseling patients, comparing
data across studies, and providing a benchmark for future interventions. For future study, we will
further validate these models for patients receiving targeted therapies prior to HCT.
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INTRODUCTION

In recent years, we have seen a rapid development of targeted therapies against pathways
that are constitutively activated in chronic lymphocytic leukemia (CLL). However, despite
the clinical effectiveness of these therapies, durability of response to these agents is limited
and discontinuation is high due to toxicity or progressive disease in high risk patients (1).
Allogeneic hematopoietic cell transplantation (HCT) thus remains the only potentially
curative therapeutic modality for patients who fail targeted therapies.

The Dana-Farber Cancer Institute (DFCI) transplant group previously reported an excellent
five year progression-free survival (PFS) and overall survival (OS) after reduced intensity
conditioning (RIC) HCT for CLL (2). In that study, a prognostic model for PFS was
proposed using remission status, HCT comorbidity index (HCT-CI), lymphocyte count and
lactate dehydrogenase (LDH) at HCT. Although this model was very predictive of PFS as
well as OS, the model needed to be validated in a much larger and multicenter cohort.

Cytogenetic risk is critical to stratifying CLL patients and has been extensively studied in
the non-transplant setting. However, controversy remains about the importance of high risk
cytogenetics in predicting outcome after HCT. In the non-transplant setting, patients with
TP53 or ATM gene mutation, or 17p or 11q deletion by cytogenetics, have markedly poorer
survivals (3-5). However, a number of transplant studies have suggested that CLL patients
with del(17p) can still achieve long-term remission after transplant, but the sample size of
these studies was limited and thus the long-term remission rate for these patients would need
to be confirmed in a larger study (2, 6-8). Furthermore, a recent study has suggested that
transplant outcome is significantly worse for those CLL patients with complex karyotype,
defined as five or more abnormalities rather than the traditional three or more abnormalities
(9). However, the sample size of this study was also small. The Center for International
Blood and Marrow Transplant Research (CIBMTR) patient population provides the best
opportunity to determine the optimal definition of complex karyotype for CLL patients who
undergo HCT and to truly assess whether HCT overcomes the adverse prognosis of high risk
cytogenetics, including del(17p), del(11q) and complex karyotype, which often includes the
respective cytogenetic aberrations.

The goals of this study are therefore i) to validate and/or modify the prognostic score
developed by the DFCI transplant group (2) using a large independent cohort, ii) to assess
whether HCT overcomes the adverse prognosis of high risk cytogenetics, and iii) to develop
a cytogenetic risk classification for previously treated CLL patients who underwent RIC
HCT. Steps in data analysis are shown in Figure 1A.
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MATERIALS AND METHODS

Data Source

Patients

Cytogenetic

CIBMTR is a combined research program of the Medical College of Wisconsin and the
National Marrow Donor Program. CIBMTR comprises a voluntary network of more than
450 transplantation centers worldwide that contribute detailed data on consecutive
allogeneic and autologous HCT to a centralized Statistical Center. All CIBMTR research
studies are conducted in compliance with U.S. Office of Human Research Protection
(OHRP) common rule regulations (45 CFR Part 46) and the Federal Drug Administration
(FDA) regulations (21 Code of Federal Regulations (CFR) Part 50 and 21 CFR Part 56).
Studies utilizing the CIBMTR database are conducted under its Research Database Protocol.
The National Marrow Donor Program/Be the Match central Institutional Review Board
(IRB) is fully accredited by the Association for Accreditation of Human Research Protection
Programs and has oversight responsibility for all research conducted under the CIBMTR
Research Database Protocol. In addition, CIBMTR requires all reporting centers to maintain
local IRB approval for the Research Database Protocol and seek consent from patients for
use of their data in CIBMTR research. Only patients data that is consented for use in
research are included in CIBMTR studies. Additional details regarding the data source are
described elsewhere (10).

Between 2008 and 2014, 1505 patients with a diagnosis of CLL underwent allogeneic HCT
with 7/8 or 8/8 matched related or unrelated donors, peripheral blood or bone marrow
transplants reported to CIBMTR. Of these, 758 patients had disease specific data available
from the CIBMTR comprehensive report form or provided by centers. To ensure this cohort
of 758 patients was a representative subset of the larger cohort of 1505 patients, OS and PFS
were examined. Both OS and PFS were super-imposable between patients with and without
available information (Figure S1) and baseline characteristics were similar (data not shown),
suggesting the study cohort is representative of the entire cohort. Of 758 patients, 606 (80%)
patients underwent RIC and 152 (20%) underwent myeloablative conditioning (MAC) HCT
according to the CIBMTR definition of conditioning intensity (26). In this report, we focus
on the 606 patients who underwent RIC during the study period and data on MAC HCT
recipients will be reported in a subsequent paper.

Analysis

We performed expert clinician review of all available primary cytogenetics reports submitted
to CIBMTR (J.R.B., M.S.D, V.0.V.). Patients with a standard metaphase karyotype analysis
with at least five cells, although the majority had the usual 20, were considered evaluable
and categorized as to normal karyotype or by the total number of abnormalities, with
complex karyotype defined as either three or more, or five or more, for purposes of further
evaluation. Patients with a fluorescence /n situ hybridization (FISH) analysis were separately
categorized as to presence or absence of del13q, del1lq, del17p and trisomy 12.
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Statistical Analysis

The primary endpoint for development of the prognostic score and cytogenetic risk
classification was progression-free survival (PFS). Other endpoints of interest included
overall survival (OS), non-relapse mortality (NRM) and relapse. PFS was defined as the time
from stem cell infusion to disease relapse, progression or death from any cause, whichever
occurred first. Patients who were alive without disease relapse or progression were censored
at the time last seen alive and relapse or progression-free. OS was defined as the time from
stem cell infusion to death from any cause. Patients who were alive or lost to follow-up were
censored at the time last seen alive. The 1- and 4-year follow-up completeness indices were
99% and 96%, respectively. The Kaplan-Meier method was used to estimate PFS and OS
whereas cumulative incidence of NRM and relapse was estimated in the context of a
competing risks framework. NRM and relapse were treated as competing events. The log-
rank and Gray tests'! were used for comparing estimates of PFS and OS and estimates of
cumulative incidence of NRM and relapse, respectively. In addition, univariable Cox
regression analysis for PFS was performed (Table S1A); multivariable Cox regression
analysis for PFS and OS and multivariable competing risks regression analysis2 for NRM
and relapse were performed. Center effect was tested using a frailty model and the effect was
not significant (p=0.52). Since adding Center to the model did not affect the final models,
the center effect was not further adjusted.

To modify the prognostic model, we performed multivariable Cox regression analysis using
a bootstrap validation method with 10000 resamples of size 606 with replacement (13). The
bootstrap method was used to adjust the model in order to decrease the impact of overfitting
to the original dataset and reducing the influence of unusual or outlying values. Although the
split-sample method is commonly used for validation, it greatly reduces the sample size for
both the training and validation sets. Furthermore, if the process is repeated with a different
split, different regression coefficients may be obtained from the validation set. This is a
concern particularly when the sample size is not large (14). The bootstrap validation method
overcomes these drawbacks and obtains nearly unbiased estimates without sacrificing
sample (14). Using 10000 resamples, the bootstrap sampling distribution of each estimator
was established and hazard ratio (HR) and respective 95% confidence intervals were taken
from the 501, 2.5t and 97.5t percentiles of the distribution, respectively.

It is known that many factors in CLL are correlated and collinear (2). Collinearity can cause
predictors to compete with each other and standard errors of the regression coefficient
estimates can be inflated. As a result, some predictors arbitrarily become non-significant
(14). However, collinearity does not affect the joint influence of correlated variables. i.e.,
some variables are correlated and partially redundant but not identical (e.g., lymphocyte
count and white blood cell count (WBC)). We therefore performed unsupervised hierarchical
clustering analysis to assess potential collinearity among variables and found that no CR/PR,
high WBC and high lymphocyte count were clustered (expected predictors of relapse) and
HCT-CI and low WBC were clustered (expected predictors of NRM) (Figure S2A). Since
collinearity makes it difficult to estimate regression coefficients while holding (highly
correlated) variables constant, we performed multivariable analysis including each of these
prognostic variables separately but adjusting for all other variables (Table S1B). Prior to
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performing Cox regression analysis, the proportional hazards assumption was examined and
two-way interaction terms were assessed. The linearity assumption for all continuous
variables was examined using the methods of restricted cubic spline function on relative
hazard (14) and classification and regression tree for survival data (15,16). From this
analysis, WBC was found to be non-linear, indicating both low and high WBC were
associated with shorter PFS (Figure S2B). Based on this analysis, WBC was categorized as
low (<2), normal (2—10), or high (>10 x10%/L), lymphocyte count was dichotomized as low
(<2) or high (=2x10%/L) and HCT-comorbidity index (HCT-CI) was categorized as 01 vs.
>2. The cutoff values for WBC are consistent with our previous study of WBC after HCT
(17). We also utilized the Akaike information index (AIC) for the assessment of model fit
and C-index (14) for predictive ability of models. All P-values were two-sided at a
significance level of 0.05. All calculations were performed using SAS 9.3 (SAS Institute,
Inc., Cary, NC) and R version 3.3.2.

Patient characteristics

The median age was 58 (range 26, 73) and 72% were male. At the time of HCT, the median
number of prior treatments was 3 (range 1, 10), with 13% in complete remission (CR) and
51% in partial remission (PR). Thirty seven percent received a HLA identical sibling donor
HCT and 53% received a 8/8 matched unrelated donor HCT. Thirty two percent of patients
had del(17p) and 27% had complex karyotype defined as >3 abnormalities (Table 1). For the
entire cohort, the median survival time among survivors was 49 months (range 4, 99); the 4-
year PFS was 41% (95% confidence interval (Cl): 37%, 45%) and the 4-year OS was 56%
(95% ClI: 52%, 60%).

Validation of DFCI Prognostic Score

We first examined whether the previously reported prognostic scoring system (2) applied in
this cohort. Using this system, PFS for patients with high (score=2) and very high risk
(score>=3) are very similar; OS for patients with low (score=0) and intermediate risk
(score=1) are similar and OS for patients with high (score=2) and very high risk (score>=3)
are also similar. As a result, patients were stratified into three groups in PFS and two groups
in OS instead of the initially intended four groups (Figure S3). Because this stratification is
not optimal, we examined each of these four factors separately and found that elevated LDH
was not associated with PFS (Figure S4A-D).

Lymphocyte count and WBC

It is widely believed that WBC and lymphocyte count are closely related. To investigate if
one metric is a surrogate of the other, we plotted lymphocyte count against WBC and found
that for WBC <10 (x109/L), there was no correlation between these two metrics (Figure 1B).
For WBC >10 (x10%L), WBC is nearly linearly associated with lymphocyte count (Figure
1C). To assess the prognostic implication of these metrics, we performed multivariable
analysis. Since there is a correlation in high WBC and high lymphocyte count, two
multivariable analyses were performed for each metric adjusting for other factors. For high
lymphocyte count, HR for PFS was 1.76 (p<0.0001); for low and high WBC, the HR was
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1.87 (p<0.0001) and 1.62 (p=0.01), respectively. We then created a joint variable from these
two metrics as: low lymphocyte count with WBC=2x10%/L (low risk), 2) high lymphocyte
count with normal WBC (intermediate risk), 3) low WBC or high lymphocyte count with
high WBC (high risk) (Figure 1D). The hazard ratio for PFS was 1.73 (p=0.0012) for
intermediate and 2.05 (p<0.0001) for high risk group compared to low risk group (Table
S1B).

Prognostic Risk Classification: Refinement of DFCI score

We then sought to rebuild an improved prognostic scoring system using the CIBMTR
cohort. Based on hazard ratios from multivariable models with 10,000 times resampling, one
point (HR <1.5) was assigned to no CR/PR and HCT-CI=2. For WBC and lymphocyte
count, 1.5 points were assigned to the intermediate risk group (1.5<HR<2) and 2 points
(HR>2) were assigned to the high risk group. The summary of score assignment is presented
in Table 2A. The sum score, ranging from 0 to 4, was then grouped into 4 categories: 0
(low), 1 (intermediate), 1.5-2.5 (high), =3 (very high). Relative to the low risk group, the
HR was 1.66 (p=0.0024), 2.36 (p<0.0001), and 2.7 (p<0.0001) for the intermediate, high,
and very high risk group, respectively (Table 2B). This prognostic scoring system also
stratified patients for OS (HR 1.68, 2.2, 2.76 for intermediate, high and very high risk group,
respectively), NRM and relapse (Table 2B).

Using this scoring system, the 4-year PFS was 58%, 42%, 33%, and 25%, p<0.0001 and the
4-year OS was 70%, 57%, 54%, and 38%, p<0.0001, for low, intermediate, high and very
high risk group, respectively (Figures 2A —2B and Table S2A). The 4-year cumulative
incidence of NRM was 19%, 31%, 25%, 44%, p<0.0001, respectively. The 4-year
cumulative incidence of relapse was 23%, 27%, 41%, 31%, p=0.007, respectively (Figures
S5A —S5B and Table S2A).

Cytogenetic risk classification

Of 606 patients with RIC, 469 patients had cytogenetics information, which led us to
analyze this information separately and then combine with the prognostic score later. To
ensure that patients with cytogenetics information are representative of the cohort of 606, we
examined PFS and OS as before and the curves are super-imposable between patients with
and without this information (Figures S6A-S6B). We then assessed each individual
cytogenetic abnormality and found that patients with del(17p) or complex karyotype with =5
abnormalities (Complex 5) had significantly worse PFS (Figure S7). We also found that
having complex karyotype with 3 or 4 abnormalities (Complex 3—4) was not associated with
poor PFS. Using both classification and regression tree (15, 16) for survival data and a
multivariable Cox model with 10,000 times resampling, we built a cytogenetics risk
classification tree (Figure 3A) and stratified patients into 3 groups: 1) no del(17p) and no
Complex 5 (low risk), 2) del(17p) without Complex 34, or 5; or Complex 5 without
del(17p) (intermediate risk), and 3) del(17p) with Complex 3-4, or 5 (high risk). Relative to
the low risk group, HR for PFS was 1.56 (p=0.012) and 2.0 (p<0.0001) for the intermediate
and high risk group, respectively. For OS, HR was 1.56 (p=0.048) and 1.89 (p=0.0016) for
the intermediate and high risk group, respectively. For relapse, the subdistribution hazard
ratio (12) (sHR) was 1.52 (p=0.12) and 2.11 (p=0.006) for the intermediate and high risk
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group, respectively (Table 2C). Using this classification, the 4-year PFS was 48%, 37%,
23% (p<0.0001), the 4-year OS was 62%, 53%, 42% (p=0.0008) and the 4-year cumulative
incidence of relapse was 26%, 31%, 46% for the low, intermediate and high cytogenetic risk
groups, respectively (p=0.0004) (Table S2B, Figure 3B-3E).

Combined Risk Classification

We then examined cytogenetic risk within each prognostic score and found that a small
proportion of patients with poor cytogenetic risk within each prognostic score group did
poorly, particularly within the low and intermediate risk group (Figure S8). We therefore
attempted to combine the prognostic score and cytogenetic risk classification by adding one
and two points for patients with intermediate and high cytogenetic risk, respectively, to the
prognostic score (Table 2A). The sum score was again grouped into 4 categories based on
hazard ratios: low, intermediate, high, and very high. The low risk group now includes
patients with low prognostic score and low cytogenetic risk. Relative to the low risk group,
the HR for PFS was 1.92 (p=0.0006), 2.62 (p<0.0001), and 3.71 (p<0.0001) for the
intermediate, high, and very high risk group, respectively (Table 2D). The result for OS is
similar (Table 2D). Using this stratification, the 4-year PFS was 61%, 44%, 34% and 18%
(p<0.0001) and 4-year OS was 75%, 59%, 51%, and 34% (p<0.0001) for the low,
intermediate, high, and very high risk group, respectively (Figure 2C-2D, Table S2C).
Because patients with high cytogenetic risk had poor outcome irrespective of the prognostic
risk, if the cytogenetics information is also available, both sets of information should be
utilized to risk stratify patients.

Prognostic Factors for NRM and Relapse

To further identify which factors contribute to NRM and relapse, we performed
multivariable competing risks regression analysis using the bootstrap method. Less than PR
(sHR 1.89, 95% CI 1.13-3.52, p=0.013), low WBC (sHR 2.05, p=0.002), and high HCT-CI
(sHR 1.59, p=0.005) were significant factors for NRM whereas less than CR (sHR 2.02,
p=0.0046), high lymphocyte count (sHR 2.0, ,p=0.0002) and high WBC (sHR 1.71,
p=0.034) were significant factors for relapse (Table S3). The cumulative incidences of NRM
and relapse of these factors are presented in Figure 4. PFS and OS according to remission
status and WBC group are presented in Figure S9.

Assessment of Other Factors

We examined the impact of the conditioning intensity (non-myeloablative vs reduced
intensity conditioning) in a multivariable model and found it not significant. In fact, the PFS
and OS curves are superimposable (Figure S6C-S6D). We therefore did not consider this
factor further.

We also explored other potential prognostic factors that had incomplete data. The sample
size for these factors ranged from 180 to 328 out of 606. These included bulky adenopathy,
prior spleen involvement, prior chemotherapy, refractoriness to fludarabine, refractoriness to
chemotherapy, prior rituximab and number of lines of prior treatment. Of these factors,
refractoriness to fludarabine and refractoriness to chemotherapy were significantly
associated with PFS (HR 1.54, p=0.023; HR 1.53, p=0.017, respectively). In addition, these
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variables were highly correlated with CR/PR (r=0.79 p<0.0001 with refractoriness to
chemotherapy, r=0.53, p<0.0001, with refractoriness to fludarabine) and were therefore well
represented by disease status in the model. For example, 89% of patients who were not
chemo-refractory were responders, whereas chemo-refractory patients were all non-
responders. In addition, the number of prior treatments was significantly associated with
PFS (HR 2.48 for >=2 vs <2, p=0.0007). The number of prior treatments was also strongly
associated with disease status as 74% of patients without CR/PR had 3 or more prior
treatments (p=0.005).

DISCUSSION

In this large cohort of previously treated high risk CLL patients who underwent RIC HCT in
a multicenter setting, we first assessed the previously developed DFCI model. We then
further modified the model and developed a more robust prognostic scoring system that
effectively risk-stratifies CLL patients at the time of HCT. We also developed a novel
cytogenetic based risk stratification system which has been lacking in the HCT setting.
When the prognostic score was combined with the cytogenetic risk, patients in the low risk
group had a prolonged survival (4-year OS 75%) compared to patients in the very high risk
group (4-year OS 34%). This result shows that despite the fact that these patients had
already failed multiple other therapies and thus transplant was offered as the last resort,
transplant outcome is promising, particularly for patients with low risk. By analyzing for the
first time the impact of complex karyotype with or without del(17p) in the context of HCT,
we were able to establish the prognostic impact of both complex karyotype, and del(17p),
particularly in the context of complex karyotype.

In this study, we refined cutoff values of lymphocyte count and HCT-CI. In the previous
DFClI study (2), the cutoff value for lymphocyte count was 1x10%/L. However, this cutoff
value was based on a small number of patients (N=76). With a much larger sample size, we
were able to determine the prognostic cutoff value for lymphocyte count to be 2x10%L and
HCT-CI =22. In many clinical studies, WBC is typically assumed to be linear in relation with
outcome. That is, the higher the value, the worse the outcome. Because 14% of our patients
had low WBC at baseline and these patients had poor outcomes, WBC loses its prognostic
significance if WBC is simply dichotomized into >10 vs <10. More importantly, because
low WBC may reflect bone marrow dysfunction or a defective marrow microenvironment,
whereas high WBC reflects disease burden, both low and high WBC are prognostic factors
and must be analyzed separately. Indeed, consistent with this result, in our previous study of
WBC, low WBC was associated with an increased risk of NRM whereas high WBC was
associated with an increased risk of relapse (17), as also demonstrated in the current data.
Furthermore, we found that high lymphocyte count is correlated with high WBC. However,
for WBC<10, there is no clear correlation between these two metrics and neither predicts the
other. We also found that low WBC is a significant prognostic factor in CLL patients.

Patients with CR at the time of HCT had lower relapse and thus better PFS compared to
those with PR (Figures 4B and S9A). However, the OS is similar (Figure S9B), indicating
that repeat HCT, DLI or other salvage therapies, likely provided benefit to patients with PR
who experienced relapse. When those patients with CR in the low risk prognostic score
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group (N=38) were compared to those with PR (N=146), the hazard ratio for PFS was not
significantly improved (HR 0.84, p=0.57). i.e., if patients were in remission without any
other risk factors, the outcome is similar between CR and PR. We therefore collapsed CR
and PR in the prognostic model but this warrants further investigation in future studies.

Controversy remains about the importance of high risk cytogenetics in predicting outcome
after HCT. In a non-transplant setting, due to the difficulty of obtaining metaphase
karyotypes from non-dividing CLL cells, the Dohner hierarchical model (3), which utilizes
FISH and not standard karyotype analysis, came into widespread use. As a result, complex
karyotype is not well defined in CLL and has typically borrowed the definition from acute
leukemias (i.e., =3 or >4 abnormalities) (18, 19). Recent studies have evaluated the impact of
complex karyotype in the context of standard therapy and found it to be adverse (20-22). In
the transplant setting, a small study (N=51) performed by Jaglowski et al (9) reported that
outcome is significantly worse for those CLL patients with =5 abnormalities (HR = 4.75,
95% CI: 2.12-10.6, P=0.0001). Consistent with this finding, our study found that HCT
outcome is significantly worse for patients with =5 abnormalities. Our study also defined a
novel interaction between complex karyotype and del(17p); HCT overcomes any adverse
effect of 3 or 4 abnormalities unless these include del(17p). When we assessed the
interaction between high risk FISH and complex karyotype, patients without del(17p) and
with fewer than 5 abnormalities had low cytogenetic risk whereas patients with del(17p)
with =3 abnormalities had high cytogenetic risk. Furthermore, patients with del(11q) alone
or del(11q) with =3 abnormalities did not have a poor outcome after HCT.

We acknowledge limitations of this study including its retrospective design. In this particular
setting, however, this approach can also be a strength that improves upon our prior single
center study (2) since the study cohort represents all patients from a comprehensive data set
derived from a diverse spectrum of transplant programs worldwide and thus avoids potential
selection bias, inflated efficacy and underestimated real world toxicity. Although data on
CLL karyotype is a great strength of our study, a potential limitation is that other data were
not available. For example, CIBMTR did not collect information on prior targeted therapy
during the study period, although the majority of this study period pre-dates the era of
approved targeted therapy in CLL. Also, CIBMTR does not capture certain disease-specific
prognostic information, such as /GHV mutation status, 7253 mutation status and beta 2
microglobulin (B2m). Again, neither /GHV mutation status nor 7P53 mutation status were
commonly performed in clinical practice at the time that most of these patients were
diagnosed or undergoing transplant. Furthermore, at time of HCT, the prognostic value of
these markers is not well established, nor do most patients have sufficient circulating disease
to measure these even if desired. In our previous study of del(17p) in the non-transplant
setting (23), 88% of patients with 7P53 mutation had del(17p) in parallel. Due to this
overlap, we can assume that 7P53 mutation information has likely been well represented
through del(17p). In our previous study (2), B2mwas not included in the prognostic model
due to missing data. However, we noticed that B2m was highly correlated with disease status
and may therefore be well represented, as many prognostic factors in CLL are highly
correlated. A final limitation is that we excluded patients receiving less than 7/8 matched
donor transplants. Therefore, caution is required before extrapolating these results to heavily
mismatched transplants such as umbilical cord blood or haploidentical transplant recipients.
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Some known prognostic factors in HCT are not included in the prognostic model. These
include age, HLA matching and patient and donor sex mismatch. Our hazard ratio for
patients age 70 or higher was 1.8 (p=0.07). Although this is not significant at the 0.05 level
because of the small number of patients in this age group (N=18), the importance of
advanced age should not be discounted. For patients age 60-69, the hazard ratio was 1.17
and 1.1 for age 50-59 compared to patients age <50. The hazard ratio for the 7/8 matched
unrelated cohort here was 1.04 (p=0.82) compared to HLA identical sibling donors. In a
recent retrospective study of CLL patients by the European Society for Blood and Marrow
Transplantation (EBMT) (24), risk factors for PFS included age and patient donor sex
mismatch (HR=1.4 for male patients with female donors (F—M) compared to male patients
with male donors (M—M), 95% CI 1.1, 1.8, p=0.01). We examined sex mismatch in a
multivariable model and the hazard ratio for PFS was 1.09 (95% CI 0.82, 1.43) for F—~M
compared to M—M. This is consistent with our previous report for patients with all
hematologic malignancies using the CIBMTR data (25). In that study, we reported that
patient sex and not sex mismatch was detrimental. An important difference between the
EBMT and our current study is that the EBMT study included patients with myeloablative
conditioning and largely relied on HCT risks rather than on CLL risks. Furthermore, the
EBMT study did not assess the impact of complex karyotype as the cytogenetic
abnormalities were classified according to Dohner et al (3) and thus cytogenetic study
results between these two studies are not directly comparable. Nonetheless, patients with
del(17p) in the EBMT study had a poor prognosis compared to patients with other
abnormalities (24). We did not investigate NRM specific or relapse specific prognostic
factors. Since PFS is a composite endpoint of NRM and relapse, factors associated with
increased risk of NRM but decreased risk of relapse (or vice versa) were therefore not
selected since the net effect was negated due to the opposing effects.

In summary, using readily available data, we have developed a prognostic scoring system
and cytogenetic risk classification that risk-stratifies CLL patients who undergo RIC HCT.
We demonstrate in a large well characterized cohort that patient factors as well as del(17p)
and complex karyotype with more than 5 abnormalities are both associated with poorer
outcomes, consistent with recent observations also with novel agents. These can be used for
counseling patients, comparing data across studies, and providing a benchmark for the
evaluation of future interventions. For future study, we plan to validate all three systems
using an independent dataset for patients receiving targeted therapies prior to HCT, although
we suspect that the genetic and/or risk factors used for our risk scoring systems will still be
significant as disease burden (represented by remission status, lymphocyte count, and
WBC), patient fitness (HCT-CI) and cytogenetic risk are the main drivers of clinical
outcomes in CLL. Because the durability of response to targeted therapy in a high risk
patient population is relatively low, ultimately an integrative approach of transplant and
targeted therapy, that is, inducing remission in high risk patients with targeted therapy,
offering HCT during remission, and potentially reinstating targeted therapy for consolidation
post HCT, might enhance the clinical outcome of these patients. Alternative approaches,
such as CAR T therapy, are also under investigation.
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Statement of Significance:

Based on pretransplant factors from multivariable models, patients with previously
treated CLL undergoing RIC HCT were risk stratified into low, intermediate, high and
very high risk groups (p<0.0001). Complex karyotype is optimally defined and high risk
cytogenetics found to include del(17p) and =5 karyotypic abnormalities. Using a
multivariable model, cytogenetic risk was classified as low, intermediate, and high
(p<0.0001).
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TRANSLATIONAL RELEVANCE

In this large retrospective analysis, patients with previously treated CLL undergoing RIC
HCT were risk stratified into low, intermediate, high and very high risk groups
(p<0.0001) based on readily available pretransplant factors using multivariable models.
Furthermore, complex karyotype is determined to be best defined as 5 or more karyotypic
abnormalities; high risk cytogenetics include del(17p) and complex karyotype. Using a
multivariable model, cytogenetic risk was classified as low, intermediate, and high
(p<0.0001). This is the first large study to define complex karyotype and to be adequately
powered to evaluate its risk in relation to allogeneic HCT outcome as well as in relation
to del(17p). Both prognostic and cytogenetic risk models can be used, either separately or
combined, for counseling patients undergoing RIC HCT. For future study, these models
will be validated using an independent dataset for patients receiving targeted therapies
prior to HCT.
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B), lymphocyte count (C, D), WBC (E, F) and HCT-CI (G, H). WBC: white blood cell
count. HCT-CI: hematopoietic cell transplantation comorbidity index.
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Baseline characteristics

Table 1:

Clin Cancer Res. Author manuscript; available in PMC 2020 February 15.

N % N %
Total 606 100 Number of Prior Treatment ™
Age Median (range) 3(1, 10)
Median (range) 58 (26, 73) Donor Type
<40 12 2 HLA-identical sibling 225 371
40-49 71 11.7 8/8 matched unrelated 319 52.6
50-59 272 44.9 7/8 matched unrelated 62 102
60-69 233 385 D-R Sex Match
270 18 3 M-M 273 451
Patient Sex M-F 93 154
Male 438 72.3 F-M 131 216
Female 168 217 F-F 60 9.9
KPS UNK 49 8.1
90-100 415 68.5 D-R CMV Serology
<90 172 28.4 +/+ 147 243
UNK 19 31 +/- 66 109
HCT Comorbidity Score As 173  28.6
0 242 39.9 -/- 168 27.7
1 109 18 UNK 52 8.6
2 77 12.7  Graft Source
23 177 29.2 BM 11 18
UNK 1 0.2 PBSC 594 98
LDH (U/L) UNK 1 02
Median (range) 214 (2.4,2738)  GVHD Prophylaxis
Normal 377 62.2 Cl + MTX = other(s) 280 46.2
Elevated 208 34.3 CI + other(s) 313 517
UNK 21 35 Other 11 18
Lymphocyte Count (/uL) UNK 2 0.3
Median (range) 0.8 (0, 177) Conditioing Regimen
<2000/pL 449 74.1 RIC 324 535
> 2000/puL 142 234 TBIxOther 35
UNK 15 25 Flu/BuzOther 87
WBC Count (x 109/L) Flu/Mel+Other 88
Median (range) 3.6 (0, 204) Other 4
<2 84 13.9 NST 282 465
10-Feb 448 73.9 TBI+Other 174
>10 71 117 Flu+Other 52
UNK 3 0.5 Other 56
Disease Status at HCT Cytogenetic Abnormality ™
CR 78 129 Del(13q) 167 35.6
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N % N %
PR 308 50.8 Trisomy 12 66 14.1
Nodal PR 14 2.3 Del(11q) 108 23
SD/PD/Relapse 197 325 Del(17p) 151 322
UNK 9 15 Normal 116 247
Time from Diagnosis to HCT Complex 3,4 73 156
<3yrs 187 30.9 Complex 5 55 117
3-6 yrs 180 29.7 UNK 137 22,6
26yrs 239 39.4

UNK

*-
‘278 patients have missing information.

Hok

‘some patients fall into multiple categories.
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UNK: unknown. KPS: Karnofsky Performance Score. LDH: lactate dehydrogenase. WBC: white blood cell count. CR: complete remission. PR:
partial remission. SD: stable disease. PD: progressive disease. D-R: donor-recipient. M-M: male donor & male recipient. M-F: male donor &
female recipient. F-M: female donor & male recipient. F-F: female donor & female recipient.BM: bone marrow. PBSC: peripheral blood stem cell.
GVHD: graft-versus-host disease. Cl: calcineurin inhibitor. MTX: methotrexate. RIC: reduced intensity conditioning. NST:Non-myeloablative
conditioning. TBI: total body irradiation. Flu: fludarabine. Mel: Melphalan. TLI: total lymphoid irradiation. Complex 3,4: 3 or 4 cytogenetic
abnormalities. Complex 5: 5 or more cytogenetic abnormalities.
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