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Abstract
Although survival rates for pediatric acute lymphoblastic leukemia are now excel-
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lent, this is at the expense of prolonged chemotherapy regimens. We report
the long-term immune effects in children treated according to the UK Medical
Research Council UKALL 2003 protocol. Peripheral blood lymphocyte subsets and
immunoglobulin levels were studied in 116 participants, at six time points, during
and for 18-month following treatment, with 30-39 patients analyzed at each time
point.
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Total lymphocytes were reduced during maintenance chemotherapy and remained low
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18 months following treatment completion. CD4 T cells remained significantly reduced
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18 months after treatment, but CD8 cells and natural killer cells recovered to normal values. The fall in naïve B-cell numbers during maintenance was most marked, but
numbers recovered rapidly after cessation of treatment. Memory B cells, particularly
nonclass-switched memory B cells, remained below normal levels 18 months following

7

Department of Paediatric Haematology,
Great Ormond Street Hospital, London, UK

treatment. All immunoglobulin subclasses were reduced during treatment compared
to normal values, with IgM levels most affected.
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This study demonstrates that immune reconstitution differs between lymphocyte
compartments. Although total B-cell numbers recover rapidly, disruption of memory/naïve balance persists and T-cell compartment persist at 18 months. This highlights
the impact of modern chemotherapy regimens on immunity, and thus, infectious sus-
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ceptibility and response to immunization.

INTRODUCTION

Kingdom. Outcome has improved dramatically over the last 30 years,
with long-term survival now in excess of 90% [1–3]. In the United

Acute lymphoblastic leukemia (ALL) is the commonest childhood

Kingdom, current regimens entail just over 2 years of chemotherapy

malignancy, with approximately 400 new cases each year in the United

for girls, and just over 3 years of treatment for boys. Between 2003 and
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2011, the majority of pediatric patients in the United Kingdom with
ALL were recruited to the MRC UKALL 2003 trial [4]. This protocol,

TA B L E 1 Immunophenotyping markers used to quantify numbers
of peripheral blood lymphocyte subsets

similar to other treatment regimens internationally, entailed
6-12 months of relatively intensive blocks of chemotherapy, fol-

Lymphocyte population

Phenotype

T-cells

CD3+, CD8+

Natural Killer Cells

CD56+

lowed by maintenance chemotherapy (oral 6-mercaptopurine and

CD3+, CD4+

methotrexate and four weekly vincristine and steroid pulses) for the
remainder of the treatment period. Treatment was stratified according

B-cells

CD19+

criteria, with three treatment regimens (A, B, and C), of increasing

Naïve B-cells

CD19+, CD27−, IgM/D+

intensity.

Memory B-cell

CD19+, CD27+

Class-switched Memory B-cell

CD19+, CD27+, IgM/D−

Nonclass-switched Memory B-cell

CD19+, CD27+, IgM/D+

to conventional clinical, cytogenetic, and morphological response

There have been a number of studies that have reported the immune
effects of ALL treatment, but few have comprehensively examined the
effects of impact of modern chemotherapy regimens and characterized the immune recovery following cessation of treatment. During
the first few months of treatment, children experience significant neu-

2

Methods

tropenia, but this is less common during maintenance chemotherapy
[5]. However, lymphopenia, with low levels of B and T cells is com-

2.1

Study population and study design

mon, and is reported to persist for up to 6 months after treatment
[6,7]. B cells have been reported to be more profoundly affected than

The study population consisted of patients recruited to a study

T cells, with naive B-cell numbers falling proportionately more than

assessing the immunogenicity of a 13-valent pneumococcal conjugate

memory B-cell populations [8–10]. After treatment, variable rates of

vaccine (PCV-13) in children with ALL (ISRCTN: 12861513) [20], from

reconstitution of B-cell subpopulations have been reported, with nor-

which serial blood samples were available for immunological analysis.

mal counts documented between 3 and 18 months in different studies

Patients received leukemia treatment according to the MRC UKALL

[5,9–14]. Serum levels of immunoglobulin fall during therapy and loss of

2003 trial protocol. The study population comprised of 116 children

protective levels of some specific antibodies in previously immunized

(1-18 years of age) receiving first line treatment for ALL, recruited

children are seen [11,15]. Immunoglobulin levels have been reported

between September 2010 and August 2015. Participant recruitment

to remain low for up to a year after completion of therapy [13]. The

occurred at eight pediatric oncology centers in the UK (Southampton,

reported effects of chemotherapy on T-cell populations are less con-

Royal Marsden (London), Great Ormond Street (London), Manchester,

sistent, but with more significant effects reported on CD4+ T cells

Cambridge, Bristol, Oxford, and Exeter). Children with concomitant

and relative modest effects on CD8+ T-cell numbers [7–9]. Reports

acquired or congenital immunodeficiency, or recent immunosup-

on the effects on natural killer (NK) cells are limited and inconsistent

pressive medication other than UKALL 2003 chemotherapy were

[16,17].

excluded. The study was approved by the national ethics committee

The risk of infection following chemotherapy reflects both loss of
pre-existing immunity (including vaccine immunity) as well as inability
to mount new immune responses. Dissecting out the relative importance of these effects is important in determining strategies for reim-

(REC approval 09/H0504/112) and written informed consent was
obtained for all participants.
Chemotherapy treatment details for the UKALL 2003 protocol have
been previously published [21].

munization. It has been reported that children demonstrate adequate
responses to reimmunization with booster vaccines 6 months following completion of chemotherapy [18]; and this is current UK practice [19]. However, the timing of reimmunization in these children is

2.2
Lymphocyte subsets and immunoglobulin
levels

largely historical, and it may be that immunization sooner after treatment may be possible, potentially restoring vaccine-specific immunity

Blood samples for lymphocyte subset and immunoglobulin analysis

earlier.

were obtained at six different time points: 6 months from last inten-

Here, we describe the immune function of these children, during

sive chemotherapy (early maintenance), 18 months from last intensive

maintenance chemotherapy and after treatment, to characterize the

chemotherapy (late maintenance), 1 month after completion of mainte-

effects of current ALL treatment regimens. We performed a prospec-

nance chemotherapy (end of treatment), and 6, 12, and 18 months from

tive analysis of peripheral blood lymphocyte subsets and immunoglob-

end of treatment. Samples were obtained from each participant at a

ulins from children enrolled on a clinical trial, “Investigating the

maximum of two time points, with numbers at each time point as speci-

clinical use of 13 valent Pneumococcal-Conjugate Vaccine in children

fied in the figure legends. Lymphocyte subsets and serum immunoglob-

with ALL” (ISRCTN: 12861513) [20] and treated according to the

ulins were quantified by local ISO 15189 accredited NHS laboratories

MRC UKALL 2003 protocol. Analysis was performed at a range of

in each site, using validated protocols, to assess total numbers of cir-

time points from maintenance treatment up to 18-month following

culating lymphocytes and subsets (Table 1) and serum immunoglobulin

treatment.

and IgG subclass concentrations.
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TA B L E 2

Patient demographics at each time point
Early
maintenance
(Cohort 1
sample 1)

Late
maintenance
(Cohort 1
sample 2)

End of
treatment
(Cohort 2
sample 1)

Six months
(Cohort 3
sample 1)

12 months
(Cohort 2
sample 2)

18 months
(Cohort 3
sample 2)

37

37

39

38

30

32

Gender (Male/Female %)

56.8/43.2

56.8/43.2

56.4/43.6

63.2/36.8

60/40

65.6/34.4

Mean Age (Years, Range)

6.3 (2, 17)

7.4 (3, 18)

8.5 (4, 17)

9.5 (4, 18)

9.7 (5, 18)

10.6 (5,18)

Regimen A (%)

20/37 (54.1)

20/37 (54.1)

24/39 (61.5)

20/38 (52.6)

18/30 (60.0)

17/32 (53.1)

Mean Age (Years, Range)

4.8 (2, 9)

5.9 (3, 10)

6.4 (4, 10)

6.7 (4, 9)

7.6 (5, 11)

7.8 (5,10)

Gender (Male/Female %)

55.0/45.0

55.0/45.0

50.0/50.0

80.0/20.0

55.6/44.4

76.5/23.5

Regimen B (%)

7/37 (18.9)

7/37 (18.9)

10/39 (25.6)

11/38 (28.9)

8/30 (26.7)

9/32 (28.1)

6.1 (4, 15)

7.3 (5, 16)

13.2 (6, 16)

13.5 (6, 18)

13.9 (7, 17)

13.9 (7,17)

Number of patients with at
least one sample available
a

a

Mean Age (Years, Range)
a

Gender (Male/Female %)

71.4/28.6

71.4/28.6

70.0/30.0

45.5/54.6

75.0/25.0

55.6/44.4

Regimen C (%)

10/37 (27.0)

10/37 (27.0)

5/39 (12.8)

7/38 (18.4)

4/30 (13.3)

6/32 (18.8)

Mean Age (Years, Range)
a

Gender (Male/Female %)

9.6 (3, 17)

10.6 (4, 18)

9.0 (4, 17)

11.4 (4, 17)

11.3 (6, 18)

13.5 (5,18)

50.0/50.0

50.0/50.0

60.0/40.0

42.9/57.1

50.0/50.0

50.0/50.0

a
Percentages rounded to 1 decimal place.
Patient demographics from samples taken at "early" maintenance (approximately 6 months after completion of delayed intensification), "late" maintenance
(approximately 18 months after completion of delayed intensification), at the end of treatment (4 weeks from last dose of oral chemotherapy) and 6, 12, and
18 months following completion of treatment.

2.3

Statistical analysis

Absolute counts for total lymphocytes, total B cells, naïve B cells,

3

Results

3.1

Patient demographics

unswitched memory B cells, switched memory B cells, CD4 T cells, CD8
T cells, and NK cells were assessed for normality at each time point,

A total of 116 patients had at least one blood sample value avail-

using a combination of tests (ie, the Anderson-Darling, Kolmogorov-

able for at least one time point. Consistent with the demographics of

Smirnov, and Cramer-von Mises tests) along with the graphical repre-

ALL, the median age was 6 years (range 2-17) at the time of recruit-

sentation of the data. Wilcoxon signed-rank tests for non-normal data

ment. Demographics of children for each time point are detailed in

and paired t-tests for normal data were performed, for each time point

Table 2. The proportion of patients treated on each Regimen (A, B, C) of

to assess if the counts differ from those of healthy children (median

UKALL 2003 is reflective of those recruited overall to the UKALL 2003

normal reference value for patients age [22,23]). For graphical presen-

trial [4].

tation, these counts were expressed as a percentage of median normal
reference value for patients’ age [22,23] (NB. for each patient the following was calculated absolute count divided by median count for nor-

3.2

Lymphocyte compartment

mal patients of this age × 100 − a patient with a normal cell count for
their age would have a value of 100%), and summarized using Box-and-

In order to assess the effects of chemotherapy on each lympho-

Whisker plots by time.

cytes subset population, absolute numbers were compared to pub-

Total lymphocytes and total B cells values (as a %, as calcu-

lished data for healthy pediatric age groups and expressed as a

lated above) were summarized using bar graphs and compared using

percentage of median reference range for the relevant age group (as

Kruskal-Wallis tests (for non-normal data) and analysis of variance (for

described in detail in statistical analysis). Total lymphocytes counts

normal data) to test for differences among different chemotherapy reg-

were significantly reduced during maintenance chemotherapy, with

imens and between boys and girls.

median percentage 21.6% (interquartile range [IQR]: 14.3 to 27.3)

A two-sided P-value of <0.05 was deemed statistically significant
for all analyses.

and 26.5% (IQR: 18.1 to 42.4) of median reference values for healthy
children during early and late maintenance time points, respectively

Immunoglobulin levels and IgG subclasses were summarized using

(P < 0.001 for both time points) (Figure 1). Although following treat-

bar graphs by time and by calculating the percentage of children’s

ment total lymphocyte numbers gradually improved, counts remained

results which were within normal ranges for their age [24].

significantly lower than healthy children at 18-month follow-up

Statistical software SAS 9.4 was used for the analyses.

(P = 0.002).
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F I G U R E 1 Total lymphocyte and total B-cell counts during and after treatment. Boxplot showing total lymphocyte (blue) and total B-cell
(CD19+, red) counts at each time point relative to chemotherapy, as percentage of the median of healthy children. Lines within the boxes
represent medians and diamonds represent means

3.3

Total B cells and naïve B cells

following treatment completion. Numbers remain significantly higher
than median values for healthy children even 18 months following ces-

Chemotherapy had a major impact on total B-cell counts, with a reduc-

sation of treatment (median percentage: 171.4; IQR: 138.4 to 214.3;

tion of median percentages of reference values at early and late main-

P < 0.001).

tenance to 1.7% (IQR: 0 to 3.4) and 3.4% (IQR: 1.7 to 48.9), respectively
(Figure 1). Total B-cell numbers increased rapidly following cessation
of treatment, and although still significantly lower than healthy con-

3.4

Memory B cells

trols (P < 0.001), median percentage counts increased to 38.7% (IQR:
14.1 to 74.2) of reference values by the end of treatment time point,

Memory B-cell numbers were also significantly affected by chemother-

with a rebound to levels that were significantly higher than the nor-

apy with nonclass-switched memory B-cell (CD27+, IgM/D+) counts of

mal population by 6 months (median percentage: 147.3%; IQR: 119.0

1.5% (IQR: 0.0 to 3.9) and 11.7% (IQR: 1.5 to 19.6), and class-switched

to 176.2; P < 0.001). Levels remain significantly higher than healthy

memory B cell (CD27+, IgM/D-) counts of 0.0% (IQR: 0.0 to 3.0) and

controls 18-month after treatment (median percentage: 149.5%; IQR:

0.1% (IQR: 0.0 to 17.2) of the medians of healthy controls at early

122.0 to 171.6; P < 0.001).

and late maintenance, respectively (Figure 2). Memory B-cell recov-

Naïve B cells were also severely affected during maintenance

ery was slower than that of naïve B cells, and memory B cells did not

chemotherapy, with numbers falling to 2.3% and 6.8% of median ref-

demonstrate a rebound increase to higher than normal levels following

erence values at early and late maintenance time points, respec-

treatment. Class-switched memory B-cell counts recovered steadily

tively (Figure 2). Similar to total B-cell numbers, naïve B cells

following treatment such that they were not significantly different

demonstrated a rapid rebound once treatment was completed, such

from healthy controls by 6 months from the end of treatment (P =

that they were not significantly different from reference ranges

0.424). Nonclass-switched memory B-cells counts (CD27+, IgM/D+)

(P = 0.088). Again, a rebound recovery was observed, with maxi-

recovered slowly following treatment and remained persistently sub-

mal elevated levels of 216.5% (IQR: 151.4 to 265.5) at 12 months

normal even at 18-month follow-up (P = 0.023).
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F I G U R E 2 Naïve and memory B-cell counts during and after treatment. Boxplot showing naïve B cells (blue) and class switched
(CD27+IgM/D-, red) and nonclass switched (CD27+IgM/D+, green) memory B cells. Lines within the boxes represent medians and diamonds
represent means (red) and unstitched memory (green). Cell count as a percentage of the median of healthy children, at each time point relative to
chemotherapy. Lines within the boxes represent medians and diamonds represent means

3.5

Immunoglobulins

affected, with counts of 37.6% (IQR: 27.1 to 50.1) and 37.1% (IQR: 26.1
to 70.6) of median reference values seen in early and late maintenance

Functionality of B cells, as indicated by circulating levels of

time points respectively, and recovery to normal values by 6 months

immunoglobulins was also affected by chemotherapy (Supporting

after treatment.

information Figure 1 and Table 1). Total IgG levels were outside the
age-specific reference ranges in 52.6% and 43.2% of patients during
early and late maintenance respectively, and were still low for 3.5% of

3.7

Natural killer cells

children 18 months after completing treatment. Of the IgG subclasses,
IgG1 and IgG2 were affected most (Supporting Information Figure 2

Similar to helper and cytotoxic T cells, NK cell counts were significantly

and Table 1). IgM levels were also significantly affected, and 13.8% of

reduced during maintenance chemotherapy to below 30% of normal

patients had levels persistently low levels 18 months after completion

values at both time points (Supporting information Figure 3). At end

of treatment.

of treatment and during follow-up, cell counts steadily improved but
were still significantly low 6 months following treatment cessation (P =
0.014). Circulating NK cell numbers were not significantly abnormal by

3.6

T-cells CD4+ and CD8+

12 and 18 months after treatment (P = 0.526 and 0.254, respectively).

Both CD4+ and CD8+ T-cell subsets were affected by chemotherapy (Figure 3). CD4+ T-cell numbers of 25.2% (IQR: 18.1 to 34.5) and

3.8

Effect of age on immune recovery

31.3% (IQR: 19.2 to 42.2) of median reference values were observed
in patients during early and late maintenance therapy respectively,

There did not appear to be any substantial differences in immune

and levels were still significantly low 18 months following completion

recovery between different age groups, although children aged over 10

of treatment (P < 0.001).

CD8+

T-cell counts were less profoundly

appeared to show higher levels of immune recovery at the 18-month

6
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F I G U R E 3 CD4 and CD8 T-cell counts during and after treatment. Boxplots showing: (A) CD4+ve and (B) CD8+ve T-cell counts as a
percentage of the median of healthy children by time relative to chemotherapy. Lines within the boxes represent medians and diamonds represent
means
time point, in comparison with younger children (see Supporting Infor-

4

Discussion

mation Figures 4-8).
In this prospective study, we demonstrated the impact of a contemporary chemotherapy regimen for ALL on long-term immune reconstitu-

3.9
Comparison of different chemotherapy
regimens

tion in a large pediatric patient cohort.
During maintenance chemotherapy, B-cell counts were severely
suppressed, but exhibited relatively rapid recovery following treat-

The UKALL 2003 protocol includes treatment stratification based on

ment completion. Although naïve and memory B-cells were sim-

established risk factors, such that patients receive one of three differ-

ilarly affected by chemotherapy in all risk groups, indicative of

ent regimens, A, B or C, with increasing intensity. Comparisons were

severe immunosuppression, recovery of the naïve population after

made between the three chemotherapy regimes in the UKALL 2003

chemotherapy was much more rapid, six months after treatment ces-

protocol for the total lymphocytes and B cells and no significant differ-

sation, rebound recovery of total B-cells counts was noted. Numbers

ences were observed (Figure 4).

peaked at 1 year after end of treatment. Recovery was attributable to
a rebound proliferation of naïve B cells, demonstrative of bone marrow
recovery and subsequent high-bone marrow output. During reconsti-

3.10

Comparison of boys and girls

tution, naïve B cells accounted for a greater proportion of total B-cell
counts than memory B cells. In contrast to naive cells, memory B-cell

In view of the fact that boys receive significantly longer treatment

counts remained subnormal even at 18 months following treatment

than girls (3 years compared to 2 years maintenance therapy), compar-

cessation. This change in B-cell compartment distribution is in line with

isons were made between immune recovery in boys and girls. Signifi-

previous reports and the proportions of B cells are similar to those

cant differences in the immune recovery between boys and girls were

found in infants [4,5,16].

observed only at late maintenance for both lymphocytes and B cells (P

Memory B-cells subsets, particularly nonclass-switched mem-

= 0.009 and 0.024, respectively) (Figure 5), but levels following com-

ory B cells, were found to be profoundly affected, and were 0%

pletion of treatment were similar.

of age-matched median values throughout maintenance therapy.

WILLIAMS ET AL .

F I G U R E 4 Comparison of different chemotherapy regimens. Bar graphs showing (A) Mean total lymphocyte count percentage of the median
of healthy children by chemotherapy regimen. (B) Mean total B-cells (CD19+) percentage of the median of healthy children by chemotherapy
regimen. Lines represent the confidence limits of the means
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F I G U R E 5 Comparison of immune effects of treatment in boys and girls. Bar graphs showing (A) Mean total lymphocyte count percentage of
the median of healthy children by chemotherapy regimen. (B) Mean total B-cells (CD19+) percentage of the median of healthy children by gender.
Lines represent the confidence limits of the means
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Immunoglobulins were affected by chemotherapy; in particular IgM

therapy may be less important than the actual drugs received, in terms

levels were below the normal range for all children during early mainte-

of the degree of suppression and time for recovery.

nance and remained persistently low in a quarter of children 12 months

Supportive care for reducing infection-related mortality is critical

after completion of treatment. Importantly, despite rebound recovery

[25]. All patients on the UKALL 2003 trial for example, received pneu-

of B cells following treatment cessation, key memory B-cell subsets and

mocystis prophylaxis and no mortalities from this infection were iden-

immunoglobulins remained subnormal even after 18 months.

tified. The risk of some other specific infections is also reported to be

Relative to the B-cell compartment, the T-cell compartment was less

high, with one study describing the relative risk of invasive pneumococ-

affected by active chemotherapy but demonstrated a slower reconsti-

cal infection to be 50-fold that of healthy children [29]. No prophylactic

tution following treatment cessation. Congruent with earlier reports,

measures are taken to reduce such infections. Options for this would

CD4+ T cells were most severely affected by chemotherapy com-

include regular antimicrobial prophylaxis or immunization. Immuniza-

CD8+

CD8+

T-cell subsets steadily increased

tion during treatment is an attractive option, given the duration of risk,

following treatment completion but remained subnormal at end of

but may not be feasible given the degree of B-cell suppression observed

follow-up; suppression of CD4+ T cells persisted even at 18 months.

in this study, even with highly immunogenic conjugate vaccines. How-

Similar to helper T cells, NK cells were reduced during chemotherapy

ever, the rapid recovery in naïve B cells observed following cessation

and numbers remained incomplete at 18 months after chemotherapy

of treatment may suggest that very early (eg, 1 month following com-

treatment.

pletion of treatment) immunization may be possible, rather than the

pared to

T cells [5].

All pediatric ALL treatment protocols include a prolonged phase

conventional recommendation of 6 months later. This is supported by

of maintenance chemotherapy. In some protocols this consists solely

the results of our study of immunization with PCV-13 in children with

of oral chemotherapy agents (eg, 6-mercaptopurine and methotrex-

ALL, from which these current samples were obtained, that demon-

ate) and in others it also includes regular pulsed oral corticosteroids

strated protective levels of immunity could be achieved by immuniza-

and vincristine. During this time, children are generally well and rein-

tion 1 month following maintenance treatment [20].

tegrating into social and school life. Despite the fact that doses of

In summary, we have clearly demonstrated that the immune sys-

chemotherapy are titrated to avoid significant neutropenia, 20% of all

tem is significantly impaired during treatment during UKALL 2003

infection-related deaths occurred during this phase of treatment [25].

therapy and that full recovery may takes up to at least 18 months

Patients treated according to UKALL 2003, all received a dose of vin-

following treatment. Although the B-cell compartment is particularly

cristine and a 5-day pulse of dexamethasone every 4 weeks, in addi-

severely affected by chemotherapy, there is a rapid rebound prolif-

tion to daily oral 6-mercaptopurine and weekly oral methotrexate, for

erative increase in naïve B cells after treatment. This, together with

the duration of maintenance therapy. It is unclear how much each of

data we have recently published demonstrating protective responses

these agents contribute to immunosuppression, but it has been sug-

to PCV-13 immunization given 1 month after cessation of treatment

gested that the inclusion of dexamethasone may significantly increase

in this population, suggests that early reimmunization may be feasible

infection rates during this phase of treatment [26]. A 2010 system-

[20].

atic review suggested that vincristine and dexamethasone pulses may
not be essential to achieve the current excellent event-free survival

ACKNOWLEDGMENTS

[27] and the UKALL 2011 clinical trial (ISRCTN64515327) is specif-

The authors would like to thank the University of Southampton CRUK

ically addressing this question. The removal of dexamethasone from

NIHR Clinical Trials Unit for study support. This work was financially

maintenance therapy may lessen the degree of immunosuppression,

supported primarily by the NIHR Research for Patient Benefit Pro-

improving immune function and reducing infectious morbidity and

gramme with additional financial support (vaccine supply) from Pfizer

mortality.

(formally Wyeth).

Although there is a considerable range of treatment intensity (Regimen A, B, and C), we did not see any significant impact of this on
the degree or duration of immunosuppression. However, much of the

Author’s contribution

intensity variation may affect myelosuppression, and duration of neutropenia, rather than immunosuppression and lymphopenia. There-

JG was Chief Investigator for the clinical trial. Study concept, trial

fore, a reduction in the exposure to more immunosuppressive agents

design, and funding application were conducted by AW, JB, JC, SC,

(eg, by removing corticosteroids from maintenance treatment) may

SF, PH, and JG. Trial conduct and management was overseen by ED

have an impact on immunosuppression and infection rates. Indeed,

and JG. Patient recruitment, blood sampling, and data collection were

the Dutch Oncology Group has reported that reduction in intensity of

conducted by SM. RB, TM, and AG conducted statistical analysis. The

maintenance treatment was associated with reduced infectious com-

manuscript was primarily written by AW, RB, and JG; all authors

plications [28]. The data presented here will provide a comparator for

reviewed final manuscript.

future studies to assess the impact of such reductions. Similarly, we
did not see any significant difference between the degree of immuno-

DATA AVAILABILITY STATEMENT

suppression in boys and girls, despite the significantly longer treat-

The data that support the findings of this study are available from the

ment duration in boys. This suggests that the duration of maintenance

corresponding author upon reasonable request.

10

WILLIAMS ET AL .

ORCID
Juliet C. Gray

https://orcid.org/0000-0002-5652-4722

REFERENCES
1. Pui CH, Yang JJ, Hunger SP, et al. Childhood acute lymphoblastic leukemia: progress through collaboration. J Clin Oncol.
2015;33(27):2938-48.
2. Hunger SP, Mullighan CG. Acute lymphoblastic leukemia in children. N
Engl J Med. 2015;373(16):1541-52.
3. Bonaventure A, Harewood R, Stiller CA, et al. Worldwide comparison
of survival from childhood leukaemia for 1995–2009, by subtype, age,
and sex (CONCORD-2): a population-based study of individual data
for 89 828 children from 198 registries in 53 countries. Lancet Haematol. 2017;4(5):e202-17.
4. Vora A, Goulden N, Wade R, et al. Treatment reduction for children and
young adults with low-risk acute lymphoblastic leukaemia defined by
minimal residual disease (UKALL 2003): a randomised controlled trial.
Lancet Oncol. 2013;14(3):199-209.
5. Kosmidis S, Baka M, Bouhoutsou D, et al. Longitudinal assessment of
immunological status and rate of immune recovery following treatment in children with ALL. Pediatr Blood Cancer. 2008;50(3):528-32.
6. Alanko S, Pelliniemi TT, Salmi TT. Recovery of blood B-lymphocytes
and serum immunoglobulins after chemotherapy for childhood acute
lymphoblastic leukemia. Cancer. 1992;69(6):1481-6.
7. Alanko S, Salmi TT, Pelliniemi TT. Recovery of blood T-cell subsets
after chemotherapy for childhood acute lymphoblastic leukemia. Pediatr Hematol Oncol. 1994;11(3):281-92.
8. Eyrich M, Wiegering V, Lim A, Schrauder A, Winkler B, Schlegel PG.
Immune function in children under chemotherapy for standard risk
acute lymphoblastic leukaemia: a prospective study of 20 paediatric
patients. Br J Haematol. 2009;147(3):360-70.
9. van Tilburg CM, van Gent R, Bierings MB, et al. Immune reconstitution
in children following chemotherapy for haematological malignancies: a
long-term follow-up. Br J Haematol. 2011;152(2):201-10.
10. van Tilburg CM, van der Velden VH, Sanders EA, et al. Reduced
versus intensive chemotherapy for childhood acute lymphoblastic
leukemia: impact on lymphocyte compartment composition. Leuk Res.
2011;35(4):484-91.
11. Ek T, Mellander L, Hahn-Zoric M, Abrahamsson J. Intensive treatment for childhood acute lymphoblastic leukemia reduces immune
responses to diphtheria, tetanus, and Haemophilus influenzae type b.
J Pediatr Hematol Oncol. 2004;26(11):727-34.
12. Koskenvuo M, Ekman I, Saha E, et al. Immunological reconstitution in
children after completing conventional chemotherapy of acute lymphoblastic leukemia is marked by impaired B-cell compartment. Pediatr Blood Cancer. 2016;63(9):1653-6.
13. Martin Ibanez I, Arce Casas A, Cruz Martinez O, Estella Aguado
J, Martin Mateos MA. Humoral immunity in pediatric patients
with acute lymphoblastic leukaemia. Allergol Immunopathol (Madr).
2003;31(6):303-10.
14. Wiegering V, Frank J, Freudenberg S, et al. Impaired B-cell reconstitution in children after chemotherapy for standard or medium
risk acute precursor B-lymphoblastic leukemia. Leuk Lymphoma.
2014;55(4):870-5.
15. van Tilburg CM, Sanders EA, Rovers MM, Wolfs TF, Bierings MB. Loss
of antibodies and response to (re-)vaccination in children after treatment for acute lymphocytic leukemia: a systematic review. Leukemia.
2006;20(10):1717-22.
16. Pietras W, Chaber R, Pela H, Trybucka K, Chybicka A. The
recovery of immune system parameters in children following

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

lymphoblastic leukemia therapy: preliminary report. Adv Clin Exp
Med. 2014;23(1):97-102.
Kovacs GT, Barany O, Schlick B, et al. Late immune recovery in children
treated for malignant diseases. Pathol Oncol Res. 2008;14(4):391-7.
Patel SR, Ortin M, Cohen BJ, et al. Revaccination of children after completion of standard chemotherapy for acute leukemia. Clin Infect Dis.
2007;44(5):635-42.
Bate J, Patel SR, Chisholm J, Heath PT, Supportive Care Group of the
Children’s Cancer and Leukaemia Group. Immunisation practices of
paediatric oncology and shared care oncology consultants: a United
Kingdom survey. Pediatr Blood Cancer. 2010;54(7):941-6.
Bate J, Borrow R, Chisholm J, et al. 13-valent pneumococcal conjugate vaccine in children with acute lymphoblastic leukaemia: protective immunity can be achieved on completion of treatment. Clin Infect
Dis. 2019; ciz965. https://doi.org/10.1093/cid/ciz965
Vora A, Goulden N, Mitchell C, et al. Augmented post-remission therapy for a minimal residual disease-defined high-risk subgroup of children and young people with clinical standard-risk and intermediaterisk acute lymphoblastic leukaemia (UKALL 2003): a randomised controlled trial. Lancet Oncol. 2014;15(8):809-18.
Schatorje EJ, Gemen EF, Driessen GJ, Leuvenink J, van Hout RW, de
Vries E. Paediatric reference values for the peripheral T cell compartment. Scand J Immunol. 2012;75(4):436-44.
Schatorje EJ, Gemen EF, Driessen GJ, et al. Age-matched reference
values for B-lymphocyte subpopulations and CVID classifications in
children. Scand J Immunol. 2011;74(5):502-10.
Milford WA, Joanna SJ, Rowbottom A, Wild GD. PRU Handbook of
Clinical Immunochemistry. 8th ed. England: NHS Foundation Trust;
2004.
O’Connor D, Bate J, Wade R, et al. Infection-related mortality in
children with acute lymphoblastic leukemia: an analysis of infectious
deaths on UKALL2003. Blood. 2014;124(7):1056-61.
Te Poele EM, de Bont ES, Marike Boezen H, et al. Dexamethasone in the
maintenance phase of acute lymphoblastic leukaemia treatment: is the
risk of lethal infections too high? Eur J Cancer. 2007;43(17):2532-6.
Eden T, Pieters R, Richards S, Childhood Acute Lymphoblastic
Leukaemia Collaborative Group. Systematic review of the addition
of vincristine plus steroid pulses in maintenance treatment for childhood acute lymphoblastic leukaemia—an individual patient data metaanalysis involving 5,659 children. Br J Haematol. 2010;149(5):722-33.
van Tilburg CM, Sanders EA, Nibbelke EE, et al. Impact of reduced
chemotherapy treatment for good risk childhood acute lymphoblastic
leukaemia on infectious morbidity*. Br J Haematol. 2011;152(4):43340.
Meisel R, Toschke AM, Heiligensetzer C, Dilloo D, Laws HJ, von Kries
R. Increased risk for invasive pneumococcal diseases in children with
acute lymphoblastic leukaemia. Br J Haematol. 2007;137(5):457-60.

SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

How to cite this article: Williams A, Bate J, Brooks R, et al.
Immune reconstitution in children following chemotherapy for
acute lymphoblastic leukemia. eJHaem. 2020;1–10.
https://doi.org/10.1002/jha2.27

