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Long-term follow-up of
415 patients with chronic
lymphocytic leukemia treated
with fludarabine and
cyclophosphamide-based
chemoimmunotherapy in the
frontline ADMIRE
and ARCTIC trials: A
comprehensive assessment of
prognostic factors

To the Editor:

Chemoimmunotherapy (CIT) with fludarabine, cyclophosphamide, and

rituximab (FCR) has been the mainstay treatment of previously

untreated chronic lymphocytic leukemia (CLL) for many years.1 A

minority of FCR-treated patients are identified as a favorable risk

group by the presence of mutated immunoglobulin heavy chain vari-

able genes (M-IGHV), weak CD49d expression, long telomeres and

post-therapy assessment of minimal residual disease (MRD).2–4 Most

patients treated with FCR relapse, and this has driven the develop-

ment of efficacious therapies targeting the B-cell receptor (BCRi) but

exposes patients to risks such as hypertension and other cardiovascu-

lar toxicities.5 Therefore, there may remain a case for CIT in untreated

patients with CLL with favorable features.

We report the outcomes of previously untreated patients with CLL

after prolonged follow-up following fludarabine and cyclophosphamide-

based CIT in two phase II randomized controlled trials, ADMIRE and

ARCTIC. ADMIRE compared FCR with fludarabine, cyclophosphamide,

mitoxantrone, and rituximab (FCMR), while ARCTIC compared FCR with

fludarabine, cyclophosphamide mitoxantrone, and reduced dose

rituximab (FCM-minR). In addition to reporting long-term outcomes, we

assessed a range of factors reported to be prognostic to identify robust

markers associated with favorable outcomes. Treatment-related toxic-

ities and premature discontinuation of therapy may be associated with

inferior outcomes, so we assessed how these events impact patient out-

comes. Methods including trial design and assessment of prognostic fac-

tors are presented as Supporting information Appendix S1.

ADMIRE/ARCTIC provided outcome data on 415 previously

untreated patients with CLL recruited between July 2009 and

September 2012 (Supporting information Tables 1 and 2). Median

follow-up is 84 months (interquartile range [IQR]: 72–94 months),

median progression-free survival (PFS) is 66 months (95% confidence

interval [CI] 56–72 months), and median overall survival (OS) is

108 months (95% CI 101 months-not reached) (Supporting informa-

tion Figure 1A and B). There is no difference in PFS or OS between

FCR and FCM-R (PFS adjusted hazard ratio [aHR] 1.09, 95% CI 0.80–

1.49; OS aHR 0.95, 95% CI 0.62–1.47). For FCR and FCM-miniR, a

small difference was observed for PFS but not OS (PFS aHR 1.35,

95% CI 1.00–1.84; OS aHR 1.01, 95% CI 0.65–1.57) (Supporting

information Figures 2A and B).

Five years postrandomization, 68.9% (95% CI 60.6%–75.9%) of

patients with M-IGHV CLL were progression-free and 83.0% were alive

(95% CI 75.8%–88.3%). Unadjusted Cox regression analysis found

unmutated IGHV (UM-IGHV) is associated with shortened PFS and OS

(PFS HR 2.62, 95% CI 1.92–3.57; OS HR 1.65, 95% CI 1.09–2.48)

(Supporting information Figure 3A and B). Three months posttreatment,

169 patients (40.7%) were bone marrow (BM) MRD positive, 84.0%

had a PFS event and 40.2% had an OS event during follow-up, com-

pared to 36.6% and 21.0% who were MRD negative (n = 186).

Unadjusted Cox regression analysis of MRD found that MRD positivity

is associated with shortened PFS and OS (PFS HR 4.49, 95% CI 3.33–

6.04; OS HR 2.35, 95% CI 1.59–3.47) (Supplementary Figure 4A and

B). The combination of MRD positivity and UM-IGHV resulted in highly

shortened PFS and OS compared to M-IGHV and MRD negativity (PFS

HR 11.1, 95% CI 6.76–18.22; OS HR 3.45, 95% CI 1.94–6.13)

(Supporting information Figure 5A and B).

Univariable Cox regression analysis of PFS revealed UM-IGHV,

17p/11q deletion, TP53 mutations (mutTP53), and increasing interna-

tional prognostic index for CLL (CLL-IPI) are associated with

shortened PFS (Supporting information Table 3A). Increasing CD38

(% positive cells), CD49d (% positive cells), and decreasing CD20

(mean fluorescence intensity [MFI]), CCR6 (MFI and % positive cells)

and LAIR1 (MFI) are also associated with shortened PFS (Supporting

information Table 3B). Multivariable penalized Cox regression found

IGHV, MRD, standardized CD49d (% positive cells) and deletion 17p

(d17p) and/or mutTP53 are, in combination, most prognostic of PFS

(Supporting information Table 3C).

Univariable Cox regression analysis of OS found age greater than

65 years, positive direct coombes' test (DCT), UM-IGHV, d17p,

mutTP53, and increasing CLL-IPI are associated with shortened OS

(Supporting information Table 4A). Increasing CD49d (% positive

cells), decreasing CCR6 (MFI), and LAIR1 (MFI) are associated with

shortened OS (Supporting information Table 4B). Mutations in ATM,

BIRC3, NOTCH1, and SF3B1 are not independently associated with

PFS or OS. Multivariable penalized Cox regression found MRD, age,

CD49d (% positive cells), DCT and d17p, and/or mutTP53 are, in com-

bination, most prognostics of OS (Table 1).

The proportion of PFS and OS events is higher in those who

experienced any grade 3 or 4 adverse event (AE), a hematological-

related grade 3 or 4 AE, or an infection-related grade 3 or 4 AE

(Supporting information Table 5), but the presence of any grade

3 or 4 AE or hematological-related grade 3 or 4 AEs are not asso-

ciated with shortened PFS or OS (Supporting information

Table 6A and B). However, the presence of infection-related
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grade 3 or 4 AEs are associated with both shortened PFS and OS

(PFS aHR 1.52, 95% CI 1.07–2.27: OS HR 1.64, 95% CI 1.02–

2.63) (Supporting information Figure 6A and B). Baseline IgA and

IgG levels are not associated with grade 3 or 4 AEs, a hematologi-

cal or an infection grade 3 or 4 AE (Supporting information

Table 7A–C).

One hundred twenty-two second cancers were diagnosed in

102 of the 415 patients and comprised Richter's transformations

12 (2.9%), acute myeloid leukemia/myelodysplasia (AML/MDS)

19 (4.6%), skin (nonmelanoma) 37 (8.9%), skin (melanoma) 9 (2.2%),

and solid tumors 35 (8.4%). In those diagnosed with a second cancer,

the median time to diagnosis from randomization was 34.5 months

(IQR: 22, 60 months). For patients developing Richter's, there was no

preponderance of poor prognostic features (Supporting information

Table 8). In patients who developed AML/MDS, this was not associ-

ated with trial therapy and occurred at a median of 34.9 months (IQR:

23, 46 months) post-therapy. Of patients who developed AML/MDS

three had received more than one line of therapy (Supporting infor-

mation Table 9).

Patients who receive three or less treatment cycles tend to be older,

more likely to have d17p and more likely to be MRD positive

(Supporting information Table 10). Receiving three or less treatment

cycles is associated with shorter PFS, and OS (PFS aHR 2.66, 95% CI

1.73–4.07; OS aHR 2.62, 95% CI 1.65–4.17) (Supporting information

Figure 7A and B). For PFS, only patients who prematurely discontinued

therapy due to toxicity, without progression, were included in the

analysis.

Of 192 patients who experienced disease progression, 79 (41.1%)

received further treatment with 70 (88.6%) receiving one line,

8 (10.1%) receiving two lines, and 1 (1.3%) receiving three lines of

subsequent treatment. Of these, 46.3% received CIT, 37.5% received

BCRi, 5% received BCRi with a BCL2 inhibitor, 13.8% received a

monoclonal antibody and 3.8% received steroids. The proportion of

patients treated with novel agents at relapse increased over the dura-

tion of follow-up with a corresponding decrease in CIT (Supporting

information Figure 8).

We report excellent long-term outcomes in patients with CLL

treated with FC-based CIT in two UK clinical trials. With a median

follow-up of 84 months, the PFS and OS are 65 and 108 months.

Patients with favorable factors such as M-IGHV and nondisrupted

TP53 have prolonged survival outcomes following FC-based CIT and

the incorporation of BM-MRD following therapy further refines the

identification of a cohort with prolonged survival.

We assessed all available parameters previously described as

prognostic in similar patient populations and identified multiple fac-

tors predictive of PFS and OS in univariable analysis. However, the

parameters most predictive of PFS on multivariable analysis were

CD49d, d17p, and mutTP53 combined with posttreatment BM-MRD.

Likewise, multivariable analysis revealed age, DCT, and d17P/

mutTP53 combined with posttreatment BM-MRD were most predic-

tive for OS. Thus, a relatively simple combination of prognostic factors

and MRD can identify a cohort with prolonged survival. Our results

complement those of others who demonstrate that IGHV, d17p,

mutTP53, and posttreatment MRD are prognostic following CIT and

facilitate the identification of patients with prolonged survival.2,4

In addition to assessing the prognostic power of established bio-

markers we sought to assess the role of patient specific factors in

responses to FC-based CIT. Our finding that infection-related AEs

were associated with shortened survival could reflect the impact of

infectious events in an immunosuppressed patient population or could

TABLE 1 Multivariable penalized Cox regression analysis of OS

Parameter estimate Standard error Hazard ratio and 95% CI

Number of times variable selected

out of the 42 imputed data sets

3-month posttreatment BM MRD status

Positive vs. negative

0.39 0.18 1.48 (1.04 to 2.1) 42

Age at randomization

>65 vs. ≤65 years

0.129 0.15 1.14 (0.847 to 1.53) 42

Standardized CD49d (% of positive cells) 0.0737 0.0686 1.08 (0.941 to 1.23) 36

Direct Coombs test

Positive vs. negative

0.0496 0.147 1.05 (0.788 to 1.4) 24

Deletion 17p and/or mutated TP53

Yes vs. no

0.098 0.146 1.1 (0.828 to 1.47) 24

Standardized LAIR1 �0.000638 0.0407 0.999 (0.923 to 1.08) 5

Mutated BIRC3

Yes vs. no

0.00785 0.0725 1.01 (0.874 to 1.16) 3

Mutated ATM

Yes vs. no

0.00426 0.0316 1 (0.944 to 1.07) 1

Mutated NOTCH1

Yes vs. no

0.000673 0.0477 1 (0.911 to 1.1) 1

Note: Variables frequently selected from the imputed data sets by the penalized Cox model are more predictive of the outcome than those not selected or

selected infrequently. Each selected variable contributes to predicting the outcome in combination with the other selected variables, even if it is not

significantly associated with the outcome itself.

Abbreviations: BM, bone marrow; MRD, minimal residual disease; OS, overall survival.
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be a surrogate for other comorbidities not captured within our data

collection. It is likely that a combination of reduced dose intensity due

to premature discontinuation of therapy with associated suboptimal

disease control and the consequences of grade 3/4 infections could

contribute to inferior outcomes for a subset of patients.

CLL is associated with an increased risk of second malignancies, a

risk exacerbated by treatment with regimens such as FC. After pro-

longed follow-up of around 10 years 25% of patients were diagnosed

with at least one new malignancy. Our results confirm that second

malignancies remain a significant concern in FC-treated patients and

support the role of health promotion interventions known to reduce

cancer.

In conclusion, we find that treatment of CLL with FC-based CIT is

associated with excellent long-term outcomes. We show that the

main markers for long-term progression-free and overall survival are

MRD, age, IGHV, CD49d, DCT, d17p, and mutTP53. The results pres-

ented in this paper further aid in the consideration of which patients

with CLL may benefit from initial treatment with FCR as opposed to

targeted therapy and who may need less intensive follow-up following

completion of therapy.
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High prevalence and inferior
long-term outcomes for TP53
mutations in therapy-related
acute lymphoblastic leukemia

To the Editor:

The entity of therapy-related ALL has been used to describe acute

lymphoblastic leukemia (ALL) diagnosed following exposure to cyto-

toxic therapies including chemotherapy and/or radiation for unrelated

preceding malignancies.1–3 This nomenclature was adapted in parallel

with that of therapy-related-myeloid neoplasm (t-MN) which is a well-

established entity and has been included in 2016 WHO classification

of myeloid neoplasms and acute leukemia.4 In contrast, the existence

of t-ALL remains debatable as it is less well-described in the literature

and due to the paucity of wide genomic studies.

We and others have previously described the entity of therapy-

related ALL to be relatively common when defined in its clinical con-

text of prior cytotoxic exposure.1,3 There are additionally specific

observed patterns amongst t-ALL patients including older age at diag-

nosis, a female predominance when compared to de novo ALL,1,3 and

a predilection to carry high-risk cytogenetics,1–3,5 similar to therapy-

related MN. Nevertheless, molecular studies illustrating the underlying

genetic alterations beyond cytogenetics in t-ALL remain scarce.2

A recently reported study of a 21 patient cohort with t-ALL illustrated

that TP53 alterations were more prevalent in t-ALL as compared to de

novo B-cell ALL (42% vs. 23%).2 This is a crucial finding given that

TP53 mutations (TP53m) are considered one of the key features for

t-MN and contribute largely to their inherently dismal prognosis.6

Here, we retrospectively reviewed adults with a diagnosis of

therapy-related ALL treated at our center. We defined t-ALL as

ALL diagnosed after exposure to chemotherapy or/and radiation

for unrelated malignancy. We only included t-ALL cases in which

their leukemia was evaluated by molecular analysis with our in-

house targeted next-generation sequencing (NGS) panel. Table S1

illustrates targeted genes. The study was approved by our

local IRB.

Descriptive statistics were used to describe patient baseline

demographic, disease, and prior treatment information. The differ-

ences in baseline characteristics and TP53 mutation status were

examined using a two-sample Wilcoxon test for continuous variables,

and Fisher's exact test for categorical variables. Leukemia-free survival

(LFS) and overall survival (OS) were defined as the period from the

date of diagnosis to the first observed date of relapse or death, and

date of death, respectively. If patients remained disease free and alive,

LFS was censored at the time of the last disease assessment. OS was

censored at the time of the last follow-up if they were last known to

be alive. The differences in LFS and OS by TP53 mutation were evalu-

ated using Kaplan–Meier curves and log-rank test. All p values were

two-sided at the .05 significance level. Statistical analysis was per-

formed using SAS version 9.4 (SAS Institute, Cary, NC).

Amongst 127 adult patients with ALL treated at City of Hope

between 2000 and 2021 who met the clinical definition of t-ALL,

31 (24%) patients had available molecular analysis by targeted NGS

and were included in this analysis. The median age was 63 years

(range: 32–89), and the majority were females (n = 20; 64.5%) and

Whites (n = 19; 61.3%). Most cases (n = 27; 87.1%) of t-ALL had

B-cell lineage with only four cases having T cell lineage. The median

white blood cell count (WBC) at presentation was 4.8 K/μl (range:

1–440). Three patients had a prior or concurrent diagnosis of mye-

lodysplasia (MDS) at the time of ALL diagnosis. Table S2 summarizes

the patient's characteristics.

The median latency interval between prior malignancy diagnosis

and ALL onset was 8 years (range: 1.5–30). The most common prior

malignancies were breast cancer and multiple myeloma (each 9; 29%),

and this was followed by prostate cancer (n = 4; 12.9%). Prior cyto-

toxic therapies included chemotherapy in 13 (41.9%) patients, radia-

tion therapy in 9 (29%) patients, and a combination of chemotherapy

and radiation in 8 (25.8%) patients. There were 9 (29%) patients, all

with multiple myeloma, who received prior therapy with immunomod-

ulatory drugs.

Conventional cytogenetics and FISH studies showed complex

karyotype (defined as ≥5 abnormalities) in 10 (32.3%) patients, chro-

mosome 5 or/and 7 abnormalities in 8 (25.8%) patients, KMT2Ar in

5 (16.1%) patients, normal karyotype in 3 (9.7%) patients, and Phila-

delphia (Ph)-chromosome in 3 (9.7%) patients. Molecular analysis

showed that TP53 mutations were the most common alterations in

this cohort and were observed in 12 (38.7%) patients. None of the Ph

+ ALL or ALL with T-cell lineage cases carried TP53 mutations. The

median number of TP53 mutations per patient was 1 (range: 1–3) and

the median variant allele frequency (VAF) was 59% (range: 15%–

96%). When limiting analysis to only cases with Ph-negative B cell

ALL, the incidence of TP53m was 50%. Other detected mutations in

this cohort included K- or N-RAS (n = 5; 16.1%), FLT3 (n = 2; 6.5%),

NOTCH (n = 3; 9.7%), RUNX1 (n = 1; 3.2%), ETV6 (n = 1; 3.2%), IDH2

(n = 1;3.2%), and PTPN11 (n = 1; 3.2%), DNMT3A (n = 1; 3.2%), and
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