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Summary
Background Fludarabine, cyclophosphamide, and rituximab (FCR) has become a gold-standard chemoimmunotherapy 
regimen for patients with chronic lymphocytic leukaemia. However, the question remains of how to treat treatment-
naive patients with IGHV-unmutated chronic lymphocytic leukaemia. We therefore aimed to develop and validate a 
gene expression signature to identify which of these patients are likely to achieve durable remissions with FCR 
chemoimmunotherapy.

Methods We did a retrospective cohort study in two cohorts of treatment-naive patients (aged ≥18 years) with chronic 
lymphocytic leukaemia. The discovery and training cohort consisted of peripheral blood samples collected from 
patients treated at the University of Texas MD Anderson Cancer Center (Houston, TX, USA), who fulfilled the 
diagnostic criteria of the International Workshop on Chronic Lymphocytic Leukemia, had received at least three cycles 
of FCR chemoimmunotherapy, and had been treated between Oct 10, 2000, and Oct 26, 2006 (ie, the MDACC 
cohort). We did transcriptional profiling on samples obtained from the MDACC cohort to identify genes associated 
with time to progression. We did univariate Cox proportional hazards analyses and used significant genes to cluster 
IGHV-unmutated samples into two groups (intermediate prognosis and unfavourable prognosis). After using cross-
validation to assess robustness, we applied the Lasso method to standardise the gene expression values to find a 
minimum gene signature. We validated this signature in an external cohort of treatment-naive patients with IGHV-
unmutated chronic lymphocytic leukaemia enrolled on the CLL8 trial of the German Chronic Lymphocytic 
Leukaemia Study Group who were treated between July 21, 2003, and April 4, 2006 (ie, the CLL8 cohort).

Findings The MDACC cohort consisted of 101 patients and the CLL8 cohort consisted of 109 patients. Using the 
MDACC cohort, we identified and developed a 17-gene expression signature that distinguished IGHV-unmutated 
patients who were likely to achieve a long-term remission following front-line FCR chemoimmunotherapy from 
those who might benefit from alternative front-line regimens (hazard ratio 3∙83, 95% CI 1∙94–7∙59; p<0∙0001). 
We validated this gene signature in the CLL8 cohort; patients with an unfavourable prognosis versus those with an 
intermediate prognosis had a cause-specific hazard ratio of 1∙90 (95% CI 1∙18–3∙06; p=0∙008). Median time to 
progression was 39 months (IQR 22–69) for those with an unfavourable prognosis compared with 59 months 
(28–84) for those with an intermediate prognosis.

Interpretation We have developed a robust, reproducible 17-gene signature that identifies a subset of treatment-naive 
patients with IGHV-unmutated chronic lymphocytic leukaemia who might substantially benefit from treatment with 
FCR chemoimmunotherapy. We recommend testing the value of this gene signature in a prospective study that 
compares FCR treatment with newer alternative therapies as part of a randomised clinical trial.

Funding Chronic Lymphocytic Leukaemia Global Research Foundation and the National Institutes of Health/National 
Cancer Institute.

Copyright © 2019 Elsevier Ltd. All rights reserved.

Introduction
Chronic lymphocytic leukaemia has a variable clinical 
course. Over the past decade, two clinical trials, the 
FCR300 study in the USA and the CLL8 study in 
Germany, reported that chemoimmunotherapy with 
fludarabine, cyclophosphamide, and rituximab (FCR) is 

a highly efficacious front-line therapy for chronic 
lymphocytic leukaemia.1,2 FCR was the first regimen to 
improve progression-free survival and overall survival in 
patients with chronic lymphocytic leukaemia, and has 
become a gold-standard chemoimmunotherapy regimen 
in physically fit patients. Since then, follow-up studies 
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have shown that a subset of patients achieve long-term 
durable remissions.3–5 In general, these patients are quite 
young (under 65 years of age) and deemed relatively 
fit without comorbidities. Their chronic lymphocytic 
leukaemia cells usually have somatic mutations in IGHV 
and do not have high-risk cytogenetic abnormalities, 
such as del(11)(q22–23) and del(17)(p13.1). These findings 
suggest that FCR chemoimmunotherapy results in 
durable remissions in a carefully selected subset of 
patients.

We therefore aimed to develop and independently 
validate a gene expression signature to identify patients 
likely to achieve durable remissions with FCR chemo
immunotherapy. We hypothesised that inherent 
differences in the expression of protein-coding genes in 
the chronic lymphocytic leukaemia cells of treatment-
naive patients determine the duration of response 
following FCR chemoimmunotherapy.

Methods
Study design and sample collection
In this retrospective cohort study, the discovery and 
training cohort consisted of peripheral blood samples 
collected from treatment-naive patients with chronic 
lymphocytic leukaemia at the University of Texas MD 
Anderson Cancer Center, Houston, TX, USA (ie, the 
MDACC cohort) and processed as described previously.6–8 
We included patients (aged ≥18 years) with chronic 
lymphocytic leukaemia that fulfilled the diagnostic 
criteria of the International Workshop on Chronic 
Lymphocytic Leukemia,1 had received at least three cycles 
of FCR chemoimmunotherapy, and had been treated 

between Oct 10, 2000, and Oct 26, 2006. Patients were 
only included if data for clinical follow-up were available, 
and if they had provided peripheral blood samples within 
6 months of start of therapy and had given written 
informed consent for gene expression profiling. We 
excluded patients who did not meet the inclusion criteria 
or had an RNA quality that was insufficient (RNA 
integrity number ≤7; appendix 1 p 1). Clinical and routine 
laboratory data were obtained from the medical records. 
The IGHV somatic mutation status and ZAP70 
expression, measured by either flow cytometry or 
immunohistochemistry, were assessed on blood or 
bone marrow samples (appendix 1 p 4).8–10 Common 
abnormalities associated with chronic lymphocytic 
leukaemia, ie, del(11)(q22.3) including ATM, del(13)
(q14.3) including the DLEU2/mir-15a/16-1 cluster, del(17)
(p13.1) including TP53, and trisomy 12, were assessed 
by array-based single-nucleotide polymorphism geno
typing6,8 and grouped according to the Döhner hierarchy.11

The validation cohort consisted of treatment-naive 
patients with IGHV-unmutated chronic lymphocytic 
leukaemia enrolled on the CLL8 trial of the German 
Chronic Lymphocytic Leukaemia Study Group between 
July 21, 2003, and April 4, 2006 (ie, CLL8 cohort). These 
patients had given written informed consent for the use 
of their samples. Peripheral blood samples were collected 
at the University of Ulm (Ulm, Germany) just before 
study entry. Complete clinical data and prognostic 
markers for this cohort have been published previously.1,3,12

This study was approved by the institutional review 
boards of each hospital centre and done according to the 
principles expressed in the Declaration of Helsinki.

Research in context

Evidence before this study
We searched PubMed for all studies that identified the subset of 
treatment-naive patients with chronic lymphocytic leukaemia 
who might achieve durable remissions following 
chemoimmunotherapy with fludarabine, cyclophosphamide, 
and rituximab (FCR). We used the search terms “gene 
expression profiling”, “CLL”, “fludarabine”, “FCR”, and 
“prognosis”. There were no date or language restrictions. 
Several studies show that a subset of relatively young, 
fit patients whose chronic lymphocytic leukaemia cells contain 
mutated IGHV genes and do not have high-risk cytogenetic 
abnormalities achieve durable remissions following FCR 
chemoimmunotherapy. However, we found no studies that 
sought to identify patients with unmutated IGHV genes who 
might also achieve durable remissions following FCR 
chemoimmunotherapy.

Added value of this study
Using data from two clinical trials that showed the efficacy of 
front-line FCR chemoimmunotherapy for the treatment of 
chronic lymphocytic leukaemia we developed a robust and 
reproducible 17-gene expression signature that distinguishes 

between treatment-naive patients with IGHV-unmutated 
chronic lymphocytic leukaemia who are likely to achieve 
long-term remissions following front-line FCR 
chemoimmunotherapy from those who might benefit from 
alternative regimens. Our results suggest that differences in 
the expression of genes involved in oxidative phosphorylation 
and purine metabolism account, at least in part, for the 
differences in response to front-line FCR 
chemoimmunotherapy in patients with IGHV-unmutated 
chronic lymphocytic leukaemia.

Implications of all the available evidence
Our study indicates that, using the 17-gene signature, it is 
possible to identify patients with IGHV-unmutated chronic 
lymphocytic leukaemia who are likely to achieve long-term 
remissions with FCR. Thus, for this subset of patients who 
might desire a short therapy course, or who cannot tolerate 
therapy with tyrosine-kinase inhibitors, FCR remains a viable 
option. We would recommend testing the value of the 17-gene 
signature in a prospective study that compares FCR treatment 
with alternative therapies, such as ibrutinib, as part of a 
randomised clinical trial.

See Online for appendix 1
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Gene expression profiling
We extracted total RNA from CD19-positive peripheral 
blood B cells enriched using immunomagnetic beads.8 
For the MDACC cohort, transcriptional profiling was 
done using the HumanHT-12 v4 Expression BeadChip 
Kit (Illumina, San Diego, CA, USA), according to the 
manufacturer’s instructions. Data were background 
corrected, normalised, and log-transformed using the 
lumi R package (version 2.20.1).13 Standard exploratory 
plots, hierarchical clustering, and principal component 
analyses were prepared to assess the intrinsic quality of 
individual arrays and exclude technological or processing 
artifacts. To account for multiple testing, we bounded the 
false discovery rate (FDR), which was estimated using a 
β-uniform mixture model.14

For the CLL8 cohort, transcriptional profiling using the 
GeneChip Human Exon 1.0 ST Array (Affymetrix, 
Santa Clara, CA, USA) and expression data processing 
were done as described previously.15

Statistical analysis
For both cohorts, response to treatment and progression 
were classified according to the National Cancer Institute 
working group criteria.16 Time to progression was defined 
as the time from the start of therapy until disease 
progression; death was excluded in this definition, 
because in our cohort the cause of death was often not 
disease-related or was unknown. Using the R survival 
package (version 2.14-3), we fitted univariate per-gene 
Cox proportional hazards models to find genes that were 
statistically associated with time to progression as a 
continuous variable. Genes with a p<0∙0085 (FDR of 
33%) were used in hierarchical clustering with Pearson 
correlation and Ward’s linkage to define subtypes based 
on gene expression profiling. The gene expression 
profiling and time-to-progression subtypes were verified 
by principal component analyses and investigated for 
interactions with known chronic lymphocytic leukaemia 
prognostic markers (Fisher’s exact test and χ² test). 
The gene expression profiling and time-to-progression 
subtypes were included as variables in multivariable Cox 
proportional hazards models competing with classical 
predictors of clinical prognosis. We used the Akaike 
Information Criterion to add or subtract variables in a 
stepwise manner and optimise models with the strongest 
prognostic value.17 We thoroughly cross-validated the 
clustering into subtypes and the resulting models. 
To identify samples with a high posterior probability of 
being reliably assigned to subtypes, we applied linear 
discriminant analysis using the five principal (ie, the first 
five) components as predictors. Using those reliable 
samples, we did preliminary feature selection based on 
gene-by-gene t tests (with p<0∙0026, FDR of 15%) 
between the groups. We then applied the Lasso method 
to find a minimum-gene signature.18

After using the Lasso method to finalise a model on the 
MDACC cohort, details of the algorithm were sent to 

the biostatistician (AB) on the CLL8 trial. Although 
progression-free survival was the primary outcome in 
previous reports on the CLL8 cohort, these data were 
reanalysed to compute time to progression. Using 
samples from IGHV-unmutated FCR-treated patients 
from the CLL8 cohort, data from each of the genes in the 
final prognostic model were standardised to have a mean 
of zero and a variance of one. A continuous score was 
computed as the linear predictor of the standardised 
gene expression levels using the coefficients from 
the prognostic model as weights. This score was 
dichotomised into a binary predictor of low-risk (≤0) and 
high-risk (>0) categories. We evaluated the model’s 
performance on the independent validation set using a 
proportional cause-specific hazards model of time to 
progression, using either the continuous score or the 
binary predictor. Cumulative incidence of progression 
was estimated using the Aalen-Johansen estimator. 
Prediction error curves were used to assess the predictive 
accuracy of the models,19 in which prediction error was 
defined using Brier’s score as a function of time.20 
Clinical models whose variables and coefficients were 
learned from the MDACC cohort were also validated on 
the CLL8 cohort.

Network construction, canonical pathway analyses, and 
functional annotations were done using Ingenuity 
Pathway Analysis (IPA), ToppGene, and DAVID 6.8. 
Separate gene files for each of the identified gene clusters 
were analysed using the default settings for each tool. 
Gene sets were evaluated by a modified Fisher’s exact 
test with a Benjamini-Hochberg correction for multiple 
testing. To make it clear where each result came from, we 
report adjusted p values from DAVID and FDR q values 
from ToppGene.

We did all the statistical computations using the 
R statistical programming environment (version 3.4.0), 
including the survival package (version 2.41–3), glmnet 
(version 2.0–10), ClassComparison (version 3.1.4), and 
ClassDiscovery (version 3.3.5). The significance of time-
to-event models was assessed using the p values from a 
score (log-rank) test based on Cox proportional hazards 
models.

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, 
manuscript preparation, or in the decision to submit the 
manuscript for publication. The corresponding author 
had full access to all data and had final responsibility for 
the decision to submit for publication.

Results
The MDACC cohort consisted of 101 patients with chronic 
lymphocytic leukaemia (figure 1); survivors were followed 
up for a median of 146∙5 months (IQR 137∙7–162∙3) after 
treatment (table 1). Established markers of chronic 
lymphocytic leukaemia prognosis, including IGHV 

For more on Ingenuity Pathway 
Analysis see www.ingenuity.com

For more on ToppGene see 
https://toppgene.cchmc.org/

For more on DAVID 6.8 see 
http://david.abcc.ncifcrf.gov/

http://www.ingenuity.com
http://www.ingenuity.com
https://toppgene.cchmc.org/
http://david.abcc.ncifcrf.gov/
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somatic mutation status, ZAP70 expression, and serum 
β-2-microglobulin concentration were represented at 
expected frequencies (table 1; appendix 1 pp 2, 3). All 
patients received at least three cycles of front-line therapy 
with either standard FCR (n=61)2,22 or rituximab-
intensified FCR (three instead of one rituximab dose per 
cycle; n=40).23 79 (78%) of 101 patients completed six cycles 
of chemoimmunotherapy and 98 (97%) responded to 
treatment. 84 (83%) had complete remissions, 14 (14%) 
had partial remissions, two (2%) had no response, and 
one (1%) had an unknown status. At the final follow-up, 
49 (49%) of 101 patients had progressed, 42 (42%) had 
died, and 63 (62%) had either progressed or died. The 
median overall survival from the start of FCR therapy was 
not reached at the end of follow‑up. The median time to 
progression was 92∙4 months (IQR 44∙1–not reached 
[NR]) and the median progression‑free survival was 
66∙6 months (40∙5–NR).

The CLL8 cohort consisted of 109 patients with 
available gene expression profiling data (figure 1). When 
compared with the IGHV-unmutated subset of the 
MDACC cohort, fewer patients in the CLL8 cohort 
were ZAP70 positive, but more patients had high 
CD38 expression and unfavourable cytogenetics 
(table 1; appendix 1 pp 2, 3). Median follow up was 
73∙4 months (IQR 68∙2–82∙9), median overall survival 
was 80∙8 months (58∙3–NR), median time to progression 
was 46∙5 months (23∙1–83∙0), and median progression-
free survival was 42∙4 months (21∙4–72∙0). At the final 

follow-up, 77 (71%) of 109 patients had progressed, 
46 (42%) had died, and 83 (76%) had either progressed 
or died.

Fitting univariate Cox proportional hazards models to 
gene expression profiling data for the MDACC cohort at 
an FDR of 0∙33, we identified 1136 probes as signifi
cantly associated with time to progression (p≤0∙0085; 
appendix 1 p 11 and appendix 2). Hierarchical clustering 
using these probes divided patients into three patient 
subsets, driven by the gene expression patterns in four 
subsets (figure 2A). Log-rank test and Cox proportional 
hazards analysis showed that the three patient subsets 
had significantly different time to progression (log-rank 
p=5∙9 × 10–10; figure 2B). Compared with patients in the 
favourable subset, patients assigned to the intermediate 
prognosis subset (hazard ratio [HR] 4∙64, 95% CI 
1∙06–20∙18), and those assigned to the unfavourable 
prognosis subset (18∙36, 4∙37–77∙18) had a shorter time 
to progression.

Pathway analyses with IPA, ToppGene, and DAVID 
using the 1136 genes yielded similar results (FDR of 
0∙05; appendix 1 p 12 and appendix 3). The purple cluster 
contains 424 genes that are highly expressed in 
unfavourable cases with shorter time to progression 
(figure 2). This cluster is significantly enriched for 
genes associated with metabolic pathways, including 
oxidative phosphorylation and ribonucleoside meta
bolism. ToppGene analysis showed that the most signifi
cant Gene Ontology (GO) categories are oxidoreductase 

253 patients with chronic lymphocytic
 leukaemia receiving treatment at
 MDACC with biobanked samples

91 excluded
 24 not treated
 67 treated on other regimens

MDACC cohort

Clinical data collection from
medical records

13 excluded
 4 received <3 cycles of therapy
 1 sample was drawn >6 months
 before start of therapy
 8 patients had wrong diagnosis 
  or treatment status, or
  double entry

162 treated with front-line FCR or
 FCR3 chemoimmunotherapy

48 samples with inadequate 
  amount of RNA or low-quality
  RNA (RIN ≤7) excluded

114 samples with high-quality RNA
 purification (RIN >7) and run on
 microarrays

101 included in final gene expression 
 data analysis

CLL8 cohort

59 excluded
 55 had IGHV mutations
 4 had unknown IGHV status

240 samples with inadequate 
 amount of RNA or low-quality
 RNA (RIN ≤7) excluded

409 randomly allocated to
 the FC group

817 patients enrolled in CLL8

408 randomly allocated to the FCR group

168 samples with high-quality RNA purification
 (RIN >7) and run on microarrays

109 with unmutated IGHV included in validation
 of the 17-gene expression signature

Figure 1: CONSORT diagram for the MDACC discovery cohort and the CLL8 validation cohort
CLL=chronic lymphocytic leukaemia. FC=fludarabine and cyclophosphamide. FCR=fludarabine, cyclophosphamide, and rituximab. FCR3=fludarabine, 
cyclophosphamide, and multiple-dose rituximab. MDACC=MD Anderson Cancer Center. RIN=RNA integrity number.

See Online for appendix 2

See Online for appendix 3
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activity (GO:0016491; FDR q=1∙01 × 10–⁸), glycosyl com
pound, nucleoside, and ribonucleoside metabolic 
processes (GO:1901657, GO:0009116, GO:0009119; all 
with FDR q=1∙22 × 10–¹¹); and the mitochondrion 
(GO:0005739; FDR q=9∙79 × 10–¹⁶). The most signifi
cant pathways are metabolic pathways (KEGG:132956; 
FDR q=3∙04 × 10–¹³) and oxidative phosphorylation 
(KEGG:82942; FDR q=4∙31 × 10–⁷). DAVID analysis 
yielded similar results (data not shown).

The cyan cluster contains 401 genes that are highly 
expressed in favourable or intermediate cases with longer 
time to progression. ToppGene analysis showed that 
the most significant GO categories are ATP binding 
(GO:0005524; FDR q=2∙38 × 10–³) and purine ribonu
cleoside triphosphate binding (GO:0035639; FDR 
q=2∙38 × 10–³). DAVID analysis showed that in the 
most significant annotation cluster (E=3∙79), the most 
significant GO categories are nucleic acid binding 
(GO:0003676; p=6∙20 × 10–⁴), DNA-templated transcrip
tion (GO:0006351; p=5∙28 × 10–⁶), and the nucleus 
(GO:0005634; p=2∙17 × 10–⁸). Significant UniProt key
words (p=4∙78 × 10–⁷) and sequence features (p=1∙47 × 10–⁵) 
show enrichment for zinc-finger transcription factors. 
Expression of both the red (n=241) and green (n=70) 
groups of genes are variably expressed within the 
gene expression profiling and time-to-progression sub
types (figure 2), and neither group shows significant 
enrichment with GO categories (appendix 1 p 12 and 
appendix 3).

Multivariate analysis of clinical variables in the 
MDACC cohort (n=100, excluding the del(17)(p) sample) 
using the Akaike Information Criterion (appendix 1 p 13) 
selected age at diagnosis, IGHV mutation status, serum 
β-2-microglobulin, and cytogenetics as independent 
markers of time to progression (table 2). These clinical 
variables were included in additional analyses for model 
development or validation (appendix 1 pp 5–6). When we 
added the categories based on gene expression profiling 
of the patients (favourable, intermediate, or unfavourable 
prognosis) as a competing variable, age at diagnosis, 
serum β-2-microglobulin, cytogenetics, and the gene 
expression profiling subtypes were retained as signifi
cant predictors of time to progression (table 2). When 
we repeated this analysis on the IGHV-unmutated 
subset, the only difference was that IGHV status could 
no longer be included as a factor. Thus, in both the 
full dataset and the IGHV-unmutated subset, gene 
expression profiling subtype was a significant predictor 
of early versus late progression after FCR, independent 
of clinical variables. We also did exploratory univariate 
analyses (appendix 1 pp 14, 15).

We developed a 17-gene expression signature to 
distinguish patients with an unmutated IGHV status 
with an intermediate outcome versus those with an 
unfavourable outcome (appendix 1 pp 16–20). Clustering 
cannot, by itself, predict outcomes on new patient 
samples. Because the cluster with the best outcome was 

MDACC cohort CLL8 cohort 
(IGHV-unmutated 
samples; n=109)

All samples 
(n=101)

IGHV-unmutated 
samples (n=66)

Age at diagnosis, years 56 (49–62) 56 (49–63) 60 (53–65)

Sex

Male 76 (75%) 52 (79%) 86 (79%)

Female 25 (25%) 14 (21%) 23 (21%)

Rai stage

0–2 77 (76%) 52 (79%) 63 (69%)

≥3 24 (24%) 14 (21%) 28 (31%)

Not available* 0 0 18

IGHV status

Mutated 35 (35%) 0 0

Unmutated 66 (65%) 66 (100%) 109 (100%)

β-2-microglobulin

≤4 mg/L 68 (67%) 42 (64%) 85 (79%)

>4 mg/L 33 (33%) 24 (36%) 23 (21%)

Not available* 0 0 1

White blood cells

≤150 × 109 cells per L 83 (82%) 50 (76%) 83 (77%)

>150 × 109 cells per L 18 (18%) 16 (24%) 25 (23%)

Not available* 0 0 1

ZAP70 expression

Positive 49 (56%) 43 (74%) 31 (48%)

Negative 39 (44%) 15 (26%) 34 (52%)

Not available* 13 8 44

CD38 expression

<30% 75 (74%) 45 (68%) 59 (58%)

≥30% 26 (26%) 21 (32%) 42 (42%)

Not available* 0 0 8

Cytogenetics

del(17)(p) 1 (1%) 1 (2%) 13 (12%)

del(11)(q) 17 (17%) 16 (24%) 42 (39%)

Trisomy 12 17 (17%) 10 (15%) 3 (%)

FISH normal 31 (31%) 24 (36%) 22 (20%)

del(13)(q) 35 (35%) 15 (23%) 29 (27%)

Time-to-event parameter (months)

Diagnosis to sample 21·0 (7·4–44·2) ND NA

Diagnosis to FCR treatment 21·0 (8·3–45·6) ND NA

Sample to FCR treatment 0·0 (0·0–0·1) ND NA

FCR treatment to final follow-up† 146·5 (137·7–162·3) ND 73·4 (66·8–82·3)

 Data are median (IQR), n (%), or n. Percentages might not sum to 100% due to rounding. MDACC=MD Anderson 
Cancer Center. CLL=chronic lymphocytic leukaemia. FISH=fluorescence in-situ hybridisation. FCR=fludarabine, 
cyclophosphamide, and rituximab. ND=analysis not done. NA=not applicable. *Not included in the calculation of the 
proportions. †Based on the method of Schemper and Smith21 and the number of patients still alive at last follow-up 
(n=59 in MDACC cohort; and n=63 in CLL8 cohort).

Table 1: Patient characteristics



Articles

www.thelancet.com/oncology   Vol 20   November 2019	 1581

strongly associated with known markers of good outcome 
(IGHV-mutated status, ZAP70 negative), we focused on 
developing a prognostic model with fewer genes to 
separate those with an unmutated IGHV status with an 
intermediate prognosis from those with an unfavourable 
prognosis. Cross-validation suggested that the border 
between the two groups was imprecise (appendix 1 
pp 7–10). To increase our ability to distinguish them, we 
identified reliable (ie, easily classified) samples and built 
our model using these samples (n=54; 24 intermediate 
and 30 unfavourable). We identified 726 differentially 
expressed genes (FDR 15%). Of these 726 genes, 
177 (24%) were in the set associated with time to 
progression used for clustering. After omitting duplicate 
probes, pseudogenes, and genes of uncertain function, 
139 candidate predictors remained (appendix 1 p 18). 
Using the Lasso method, we selected a minimal set of 
genes separating the two prognostic groups; the final 
optimal model contained 17 genes (table 3). Using 
the predicted classes from the 17-gene model, we success
fully separated patients with an IGHV-unmutated status 
into cases with intermediate and unfavourable risk of 
progression after front-line FCR therapy (figure 3A). 
The cause-specific hazard ratio was 3∙83 (95% CI 
1∙94–7∙59; p<0∙0001). We validated this gene signature 
in the CLL8 cohort, in which patients classified as high-
risk (ie, unfavourable prognosis) had a cause-specific 
hazard ratio of 1∙90 (95% CI 1∙18–3∙06; p=0∙008; median 
time to progression of 39 months (IQR 22–69) compared 
with low-risk (ie, intermediate prognosis) patients 
(median time to progression of 59 months; IQR 28–84). 
When we applied the prognostic model to the so-called 
unreliable samples that were not used for training to 
evaluate the generalisability of the model, none of the 
favourable outcome samples were assigned to the 
unfavourable group (as part of an informal sensitivity 
analysis using the MDACC cohort before trying to 
validate the results on the CLL8 cohort). Among IGHV-
mutated samples, only four (11%) of 35 were assigned to 
the unfavourable group (appendix 1 pp 19, 20).

We validated the 17-gene expression signature using 
109 patients with an IGHV-unmutated status from the 
CLL8 trial. The score is given as a linear combination 
of standardised gene expression levels using model 

coefficients, which were learned from the training set 
(table 3), as weights (standardised coefficients). Using 
a proportional hazards cause-specific Cox regression 
model, the estimated cause-specific hazard ratio for the 
continuous score was 1∙41 (95% CI 1∙13–1∙76). For 
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Figure 2: Hierarchical gene clustering identifies gene sets that divided 
patients into prognostic groups

(A) Heat map illustrating hierarchically clustered gene sets that separate 
three patient subgroups with different clinical outcomes (time to progression) 

after front-line fludarabine, cyclophosphamide, and rituximab therapy. 1136 genes 
associated with time to progression in univariate analysis were included in the 
supervised clustering process. Each row depicts a single gene and each column 

depicts a single patient with chronic lymphocytic leukaemia (n=101) included in 
this microarray study. The y-axis shows the gene sets clustering together 

(cyan: 401 probes; green: 70 probes; purple: 424 probes; red: 241 probes). 
The x-axis shows the patient subsets. (B) Kaplan-Meier survival functions for time 

to progression after frontline FCR therapy in the three prognostic subsets 
segregated by gene expression profiling and hierarchical clustering.
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the binary score, the cause-specific hazard ratio (high 
[intermediate] risk vs low [unfavourable] risk) was 1∙90 
(95% CI 1∙18–3∙06) with a significant segregation 
between the two groups (p=0∙008, figure 3B). For 
multivariate analysis by cause-specific Cox regression, 
age at diagnosis, β-2-microglobulin of more than 4 mg/L, 
and cytogenetics were considered as additional covariates 
available in the CLL8 cohort. The effect of the continuous 

score (p=0∙0032) and the binary risk score (p=0∙0061) 
remained significant.

Discussion
We have developed and independently validated a robust 
and reproducible 17-gene signature that distinguishes 
treatment-naive patients with IGHV-unmutated chronic 
lymphocytic leukaemia who are likely to achieve durable 

MDACC cohort CLL8 cohort (IGHV-unmutated samples; n=109)

All samples 
(n=100)

IGHV-unmutated samples 
(n=65)

HR (95% CI) p value HR (95% CI) p value HR (95% CI) p value

Clinical only

Demographics

Age at diagnosis* 0·97 (0·94–1·00) 0·0247 0·97 (0·94–1·00) 0·0311 0·97 (0·95–1·01) 0·047

Unmutated IGHV status 4·51 (1·99–10·21) 0·0003 NA NA NA NA

β-2-microglobulin >4 mg/L 3·00 (1·59–5·67) 0·0007 2·75 (1·38–5·46) 0·0039 0·68 (0·38–1·21) 0·402

Cytogenetics

FISH normal 1·22 (0·42–3·56) 0·7182 1·00 (0·33–3·00) 0·9958 0·92 (0·52–1·65) 0·297

del(17)(p) ·· ·· ·· ·· 4·16 (2·16–8·02) <0·0001

del(11)(q) 1·23 (0·41–3·69) 0·7096 1·10 (0·37–3·27) 0·8707 1·31 (0·83–2·05) 0·046

del(13)(q) 3·18 (1·14–8·87) 0·0270 2·73 (0·94–7·95) 0·0658 0·75 (0·48–1·17) 0·572

Clinical plus gene expression profiling subtype

Demographics

Age at diagnosis* 0·94 (0·91–0·98) 0·0010 0·94 (0·91–0·98) 0·0033 ND ND

β-2-microglobulin >4 mg/L 3·54 (1·75–7·17) 0·0004 3·24 (1·42–6·90) 0·0023 ND ND

Cytogenetics

FISH normal 0·72 (0·24–2·21) 0·5667 0·47 (0·14–1·61) 0·2305 ND ND

del(11)(q) 1·22 (0·40–3·69) 0·7304 0·96 (0·32–2·92) 0·9484 ND ND

del(13)(q) 2·77 (0·98–7·89) 0·0557 1·80 (0·23–5·48) 0·2982 ND ND

Prognosis subtype†

Intermediate 7·09 (1·58–31·82) 0·0105 Ref Ref ND ND

Unfavourable 28·47 (6·48–125·05) <0·0001 4·30 (2·01–9·18) 0·0002 ND ND

Clinical plus 17-gene expression signature

Demographics

Age at diagnosis* 0·96 (0·93–0·99) 0·0159 0·97 (0·94–1·00) 0·0357 0·97 (0·95–1·00) 0·060

Unmutated IGHV status 2·93 (1·26–6·83) 0·0129 NA NA NA NA

β-2-microglobulin >4 mg/L 2·59 (1·30–5·15) 0·0067 1·85 (0·95–3·62) 0·0722 0·62 (0·33–1·18) 0·149

Cytogenetics

FISH normal 0·94 (0·32–2·76) 0·9046 NS NS 1·31 (0·50–3·44) 0·589

del(17)(p) ·· ·· ·· ·· 8·23 (3·26–20·8) <0·0001

del(11)(q) 1·25 (0·41–3·79) 0·6980 NS NS 1·80 (0·96–3·39) 0·069

del(13)(q) 2·53 (0·89–7·17) 0·0805 NS NS 1·28 (0·68–2·39) 0·442

High 17-gene expression 
signature

2·88 (1·51–5·52) 0·0014 3·40 (1·70–6·82) 0·0006 2·05 (1·24–3·40) 0·0052

MDACC=MD Anderson Cancer Center. CLL=chronic lymphocytic leukaemia. HR=hazard ratio. NA=not applicable. ND=analysis not done. FISH=fluorescence in-situ 
hybridisation. Ref=reference. NS=not selected (via Akaike Information Criterion). *Treated as a continuous variable. Thus, the HR is the change associated with 1-year increase 
in age. †In comparison with all samples, the favourable prognosis subtype is used as the baseline. In comparison within unmutated samples, the intermediate prognosis 
subtype is used as the baseline.

Table 2: Multivariate models to predict time to progression
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remissions following front-line FCR chemoimmuno
therapy from those who might benefit from alternative 
regimens. Differences in the expression of genes 
involved in oxidative phosphorylation and purine meta
bolism seem to account, at least in part, for differences in 
therapy response in patients with IGHV‑unmutated 
chronic lymphocytic leukaemia.

Our final prognostic model uses only 17 of 1136 genes 
that were related to time to progression in univariate 
analyses. It is well known that it is difficult to reproduce 
lists of prognostic genes selected from different 
datasets.24,25 The reasons for this instability include 
individual false-positive genes, tumour heterogeneity, 
small sample sizes, and highly correlated genes.26,27 To 
address this limitation, we validated multiple steps in the 
model construction and, more importantly, validated the 
model in an independent patient cohort treated in a 
separate clinical trial. However, the CLL8 cohort differed 
slightly from the MDACC cohort—ie, the CLL8 cohort 
had more patients with advanced stage disease and 
unfavourable cytogenetics than did the MDACC cohort. 
The MDACC cohort contained only one patient with 
del(17)(p), which we excluded from the survival models. 
TP53 mutation status and minimal residual disease 
testing were unavailable because the samples were 
acquired before these analyses was done routinely. 
Despite small patient numbers in both cohorts, we 
believe that our validation process ensures that the gene 

signatures obtained are robust. A primary feature of the 
model is that 13 of the 17 genes come from the cluster 
collection of genes shown in purple in figure 2; all 
13 have positive coefficients, indicating that increased 
expression corresponds to increased risk of progression. 
By contrast, three of the 17 genes come from the cluster 
collection of genes in cyan in figure 2 and have negative 
coefficients, indicating that increased expression 
corresponds to decreased risk.

To understand the biological factors explaining the 
model, we applied gene set analysis in the context of the 
larger set of univariately important genes. Although not 
apparent from the 17 genes used to construct the model, 
gene set analysis shows that the cluster collection of 
13 genes (shown in purple in figure 2) whose 
upregulation is associated with a poor outcome, is 
enriched for genes involved in metabolism and oxidative 
phosphorylation, including genes encoding proteins in 
complexes I, III, IV, and V, which participate in electron 
transport across the inner mitochondrial membrane 
(appendix 1 p 21). Recent studies have shown that, 
unlike many other highly proliferative lymphoid 
neoplasms and other cancers, chronic lymphocytic 
leukaemia cells do not rely upon aerobic glycolysis to 
generate energy, the Warburg effect. Rather, their major 
energy source is oxidative phosphorylation. Enhanced 
oxidative phosphorylation in chronic lymphocytic 
leukaemia cells is associated with poor prognostic 

Symbol Standardised 
coefficient*

Gene name Entrez gene identification 
number

Gene cluster†

Rank 1 OSBPL5 +0·633 Oxysterol-binding protein like-5 114 879 Purple

Rank 2 MSI2 +0·234 Musashi RNA-binding protein 2 124 540 Purple

Rank 3 KSR2 +0·219 Kinase suppressor of RAS2 283 455 Purple

Rank 4 NME1 +0·206 NME/NM23 nucleoside diphosphate kinase 1 4830 Purple

Rank 5 SLC35A4 +0·199 Solute carrier family 35 member A4 113 829 Purple

Rank 6 TXN +0·188 Thioredoxin 7295 Purple

Rank 7 LAG3 +0·187 Lymphocyte activating 3 3902 Red

Rank 8 ZNHIT1 +0·162 Zinc finger HIT-type containing 1 10 467 Purple

Rank 9 PDE8A –0·159 Phosphodiesterase 8A 5151 Cyan

Rank 10 RGS10 +0·150 Regulator of G-protein signalling 10 6001 Purple

Rank 11 TSPO +0·145 Translocator protein 706 Purple

Rank 12 CRLF3 –0·129 Cytokine receptor-like factor 3 51 379 Cyan

Rank 13 DCAF12 +0·058 DDB1 and CUL4-associated factor 12 25 853 Purple

Rank 14 ADSL +0·040 Adenylosuccinate lyase 158 Purple

Rank 15 AQP1 –0·037 Aquaporin 1 (Colton blood group) 358 Cyan

Rank 16 GRN +0·025 Granulin 2896 Purple

Rank 17 TTC38 +0·018 Tetratricopeptide repeat domain 38 55 020 Purple

Rank is the order in which terms were introduced to the model; lower rank genes are more relevant than higher rank genes. *Weight given to the standardised gene 
expression (subtracting the mean and dividing by the SD of all IGHV-unmutated samples). The full model also uses a constant intercept term of 0·178. †Refers to the subsets 
of gene expression patterns as shown in figure 2.

Table 3: Final 17-gene expression signature model to predict prognosis (time to progression) in patients with chronic lymphocytic leukaemia and an 
unmutated IGHV status
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features including unmutated IGHV genes, ZAP70 
positivity, high Rai stage, increased serum β-2-micro
globulin, and fludarabine resistance.28,29

The cluster collection of genes shown in purple in 
figure 2 is also enriched for genes involved in purine 
metabolism. Purines, essential components of nucleic 
acids, also provide energy and cofactors required for cell 
survival and proliferation.30 Purine nucleotides are 
synthesised through two different pathways, the purine 
salvage pathway and the de-novo purine biosynthesis 
pathway. One of the most highly expressed genes in 
this cluster collection is adenylosuccinate lyase, which 
participates in both pathways. In the purine salvage 
pathway, this enzyme catalyses the formation of adenylate 
from adenylosuccinate in the conversion of inosine 
monophosphate into adenine nucleotides. In the de-novo 
pathway, adenylosuccinate lyase catalyses the cleavage of 
succinyl groups to yield fumarate. Other highly expressed 
genes in this group include adenosine deaminase and 
deoxyuridine triphosphate nucleotidohydrolase. These 
analyses suggest that differences in metabolic activity of 
chronic lymphocytic leukaemia cells distinguish patients 
with different outcomes after FCR therapy.

As expected, the vast majority of patients identified as 
having a favourable prognosis were those with mutated 
IGHV; about two-thirds showed del(13)(q) as the sole 
abnormality. However, about a third of intermediate or 
poor prognosis cases also had mutated IGHV, and one-
third of these showed del(13)(q). Thus, mutated IGHV 
genes and del(13)(q) did not ensure a good prognosis. 
Other than the clinical outcome and the results of the 
17-gene signature, we could not identify any clinical or 
laboratory features that would allow us to distinguish 
these cases from those with a good prognosis. A recent 
study showed that a subset of IGHV-mutated cases with 
isolated del(13)(q) show karyotypic complexity on 
stimulated chromosome banding analysis and have 
a poor prognosis.31 We are unable to explore this possi
bility because our cohorts predate routine stimulated 
chromosome banding analysis. In our multivariate 
models, del(13)(q) appears to have a deleterious effect. 
This artifact might be due to an interaction between 
IGHV mutation status and cytogenetics that we could 
not investigate because of the small sample size.

Tyrosine-kinase inhibitors—such as ibrutinib, a BTK 
inhibitor, and idelalisib, a PI3Kδ inhibitor—have revo
lutionised the treatment of patients with del(17)(p) and 
with relapsed, refractory chronic lymphocytic leukaemia. 
However, treatment with tyrosine-kinase inhibitors is 
associated with clinically significant toxicities.32 Patients 
treated with ibrutinib are at increased risk for atrial 
fibrillation and haemorrhage; a small number of patients 
have developed ventricular arrhythmias or died suddenly.32 
Patients treated with idelalisib are at increased risk for 
transaminitis, colitis, and pneumonitis.32,33 About 10% of 
patients will discontinue therapy because of side-effects. 
Finally, it remains to be determined whether the disease 
will relapse if therapy is discontinued.

A major advantage of FCR chemoimmunotherapy with 
intent to cure is that the regimen is relatively brief, every 
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Figure 3: Aalen-Johansen estimator of cumulative incidence of progression using the final 17-gene expression 
signature model
Time to progression was defined as from the start of fludarabine, cyclophosphamide, and rituximab therapy to 
progression in patients with chronic lymphocytic leukaemia and an IGHV-unmutated status; and as a function of 
predicted risk class based on 17 genes in the final prognostic model. (A) Cumulative incidence plot for progression 
in 66 IGHV-unmutated cases in the MDACC cohort. 5-year cumulative incidence was 0∙25 (95% CI 0∙10–0∙40) for 
intermediate risk and 0∙65 (0∙49–0∙81) for unfavourable risk. 10-year cumulative incidence was 0∙38 (0∙21–0∙54) 
for intermediate risk and 0∙83 (0∙73–0∙97) for unfavourable risk. (B) Cumulative incidence plot for progression in 
109 IGHV-unmutated samples in the CLL8 cohort. 5-year cumulative incidence was 0∙51 (IQR 0∙36–0∙65) for 
intermediate risk and 0∙69 (0∙58–0∙81) for unfavourable risk. 10-year cumulative incidence was not available. 
MDACC=MD Anderson Cancer Center.
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4 weeks for six cycles, and inexpensive. But treatment with 
FCR also has substantial limitations.34 Up to 5% of patients 
treated with front-line FCR will develop a therapy-related 
myeloid neoplasm.22,35 Patients older than 65 years or those 
with comorbidities often cannot tolerate a full course of 
therapy, and are at increased risk to develop myelosup
pression and opportunistic infections.34 However, for 
patients who desire a short therapy course, or who cannot 
tolerate tyrosine-kinase inhibitor therapy, FCR remains a 
viable option. We would recommend testing the value of 
the 17-gene signature in a prospective study that compares 
FCR treatment with alternative therapies, such as ibrutinib, 
as part of a randomised clinical trial.
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