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   The tre men dous successes of CD19 - directed CAR T cells in chil dren and young adults with B - cell acute lym pho blas tic 
leu ke mia (B - ALL) has led to the more wide spread use of this impor tant treat ment modal ity. With an abil ity to induce 
remis sion and poten tially lead to long - term sur vival in patients with mul ti ply relapsed / che mo ther apy refrac tory dis ease, 
more chil dren are now receiv ing this ther apy with the hope of induc ing a long - term dura ble remis sion (with or with-
out consolidative hema to poi etic cell trans plan ta tion). While over com ing the acute toxicities was crit i cal to its broad 
implementation, the emerg ing uti li za tion requires close eval u a tion of sub acute and delayed toxicities along side a con-
sid er ation of late effects and issues related to sur vi vor ship fol low ing CAR T cells. In this underexplored area of tox ic ity 
mon i tor ing, this arti cle reviews the cur rent state of the art in rela tion ship to delayed toxicities while high light ing areas of 
future research in the study of late effects in chil dren and young adults receiv ing CAR T cells.  

   LEARNING OBJEC TIVES 
    •  Review the cur rent land scape of sub acute / delayed toxicities fol low ing CAR T  cell ther apy 
   •  Identify approaches to eval u a tion and man age ment of delayed toxicities fol low ing CAR T cells 
   •  Recognize the need for study of late effects in long  term sur vi vors fol low ing CAR T  cell ther apy  

  Introduction 
 The advent of CD19  targeted chi me ric anti gen recep tor 
(CAR) T cell ther apy is chang ing the approach to the man
age ment of relapsed / refrac tory B  cell acute lym pho blas
tic leu ke mia (B  ALL) in pedi at ric patients. Over the past 
decade, early clin i cal stud ies have established a remark able 
ini tial effi  cacy pro fi le that led to FDA approval of tisagen
lecleucel for pedi at ric B  ALL. 1  Cytokine release syn drome 
(CRS) and immune effec tor cell - asso ci ated neu ro tox ic ity 
syn drome (ICANS) have been rec og nized as poten tially 
severe acute toxicities of CAR T  cell ther apy. Standardized 
grad ing sys tems, con sis tent mon i tor ing, and infor ma tive 
cor rel a tive stud ies have led to improved man age ment 
strat e gies for these acute toxicities and supported the 
inte gra tion of CAR T  cell ther a pies into stan dard of care. 2

In con trast, there is still lim ited knowl edge of lon ger  term 
toxicities after CD19  CAR T  cell ther apy. 

 As the fi eld con tin ues to eval u ate where CAR T  cell ther
apy should fi t in cur rent treat ment par a digms, inves ti gat ing 
beyond the acute toxicities of these novel ther a pies will be 
crit i cal in mak ing informed treat ment deci sions. Based pri
mar ily on the expe ri ence with CAR T  cell ther apy in B  ALL, 

this review focuses on describ ing the cur rent land scape of 
sub acute / delayed toxicities and late effects fol low ing CAR 
T cells in chil dren and young adults. ( Figure 1 ) 

 CLINICAL CASE 1 
  A 19  year  old man with relapsed / refrac tory B  ALL is 
referred for CD19  CAR T  cell ther apy. He was ini tially 
diag nosed at age 15 and relapsed after com plet ing ther
apy. Reinduction ther apy induced a sec ond remis sion, 
but he sub se quently expe ri enced a sec ond bone mar row 
relapse. He was then referred for CAR T  cell ther apy, with 
50 %  leu ke mic bur den in bone mar row prior to infu sion. 
He was treated with a sin gle infu sion of tisagenlecleucel 
after lymphodepletion with fl udarabine and cyclo phos
pha mide. During his acute CAR T  cell treat ment course, he 
devel oped grade 3 CRS, which was fully revers ible with a 
sin gle dose of tocilizumab. He had no evi dence of ICANS. 
At day 30 after CAR T  cell infu sion, bone mar row stud
ies dem on strated MRD  neg a tive remis sion, and he had 
B  cell aplasia with hypogammaglobulinemia.  However, 
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he also had cytopenias with decreased bone mar row cel lu
lar ity (5-10%), an abso lute neu tro phil count of 250 cells/µL,  
and plate let and red blood cell trans fu sion depen dence. At  
3 months, his repeat bone mar row con firms ongo ing remis
sion, but he remains with severe neutropenia although trans fu
sion require ments are starting to decrease. He has not had any 
seri ous infec tions dur ing this period.

Delayed toxicities of CAR T-cell ther apy
Navigating the man age ment of acute CAR Tcell-related toxic
ities such as CRS, ICANS, and more recently immune effec tor 
cell-asso ci ated hemophagocytic lymphohistiocytosislike syn
drome (IECHS)3 has been imper a tive in the abil ity to broadly use 
these novel immunotherapies. However, impli ca tions from these 

inflam ma tory con di tions, or the treat ment thereof, can impact 
the man i fes ta tions of delayed toxicities that occur beyond  
30 days fol low ing CAR Tcell infu sion (Table 1). Emerging expe ri
ence has revealed bone mar row dys func tion, immune recon sti
tu tion, and neu ro logic impact as key areas of inter est for delayed 
toxicities.4

Bone mar row dys func tion
Newly termed as immune effec tor cell-asso ci ated hematotoxic
ity (ICAHT),5 there is an increas ing appre ci a tion that prolonged 
cytopenias are a delayed CAR Tcell-asso ci ated tox ic ity, par tic
u larly in those with severe CRS.6 Based pri mar ily on lit er a ture 
from adults with lym phoma receiv ing CAR T cells, hema to logic 
recov ery after lymphodepletion and CD19CAR Tcell ther apy 
gen er ally fol lows a bimodal dis tri bu tion.7,8 While most patients 

Figure 1. General approach to follow-up after CAR T-cell infusion. CAR, chimeric antigen receptor.

Table 1. Delayed and sub acute CAR T-cell toxicities (≥ 30 days post infu sion)

Toxicity Presentation Risk fac tors or alter nate eti  ol o gies

Immune effec tor cell-asso ci ated 
hematotoxicity

Generalized cytopenias (ane mia, throm bo cy to pe nia, 
neutropenia) with bone mar row hypocellularity and/or  
trans fu sion depen dence
Bimodal pat tern of pre sen ta tion

CRS sever ity
Medication effects
Viral or other infec tion
Disease relapse
Delayed IECHS

Immune recon sti tu tion Bcell aplasia
Persistent hypogammaglobulinemia
Recurrent infec tions (par tic u larly sinopul mo nary)
Vaccination responses (prior titers)

Ontar get, offtumor targeting

Neurocognitive func tion Difficult to assess with out for mal test ing, which would need  
to be done pro spec tively. Changes may be sub tle and not  
con sis tent across domains.

ICANS, severity and association with  
longterm outcomes unknown

Other end organs Organ spe cific (eg, per sis tent car dio pul mo nary com pro mise) CRS sever ity and acute impact on endorgan 
func tion dur ing event
Site of extramedullary dis ease

CAR, chi me ric anti gen recep tor; CRS, cyto kine release syn drome; ICANS, immune effec tor cell-asso ci ated neu ro tox ic ity syn drome; IECHS, immune 
effec tor cell-asso ci ated hemophagocytic lymphohistiocytosislike syn drome.
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recover neu tro phil, plate let, and red blood cell counts within the 
first month after CAR Tcell ther apy, early clin i cal stud ies have 
reported that 40%-50% of patients have per sis tent grade 3-4 
neutropenia or throm bo cy to pe nia 30 days after CAR Tcell infu
sion.9 While some patients recover spon ta ne ously, up to 15% 
have per sis tent severe cytopenias beyond 3 months.10 While 
prior treat ment, dis ease bur den, and base line inflam ma tory sta
tus are thought to pre dis pose to early cytopenias, risk fac tors 
for delayed cytopenias in pedi at ric and young adult CAR Tcell 
recip i ents have not been well described.9

In addi tion to pro vid ing trans fu sion sup port, patients with 
per sis tent cytopenias should be eval u ated for any con trib ut
ing destruc tive or con sump tive eti  ol o gies.11,12 While there are 
no stan dard defi  ni tions for bone mar row dys func tion after CAR 
Tcell ther apy, patients meet ing cri te ria for aplastic ane mia in 
at least two of three cell lines or with sin gle lin e age involve
ment and evi dence of bone mar row hypoproduction may be 
suspected of abnor mal mar row func tion. While growth fac tors 
are gen er ally used with cau tion after infu sion due to poten
tial for exac er bat ing inflam ma tory side effects, the ben e fit of 
granulocytecolony stimulating factor may out weigh this risk in 
patients with prolonged neutropenia, par tic u larly with active 
infec tions.12 For recip i ents of prior hema to poi etic cell trans plant 
(HCT), admin is tra tion of a CD34+ hema to poi etic pro gen i tor cell 
boost from the prior HCT donor may improve cytopenias.13,14 
Further inves ti ga tion is needed to under stand the eti  ol ogy of 
prolonged bone mar row dys func tion observed in a sub set of 
patients after CD19CAR Tcell ther apy, as this is beyond the 
expected recov ery dura tion from lymphodepleting che mo ther
apy and not explained by direct ontar get offtumor effects. 
Particularly, with increas ing uti li za tion of alter na tive CAR Tcell 
con structs, mon i tor ing for these delayed cytopenias across new 
tri als will remain crit i cal. Future direc tions seek to develop con
sen sus grad ing and man age ment approaches.8 The impact on 
qual ity of life in patients with per sis tent cytopenia and uti li za tion 
of health care resources are other areas of ongo ing research.11

Immune recon sti tu tion
With CD19CAR Tcell ther apy, Bcell aplasia is an expected on
tar get offtumor effect and can serve as a sur ro gate marker of 
CAR Tcell per sis tence. The dura tion of Bcell aplasia is var i able, 
rang ing from weeks to years.15 While sustained CAR Tcell per
sis tence is valu able for relapse pre ven tion, Bcell aplasia and 
hypogammaglobulinemia pro duce a humoral immune defect. 
While immune glob u lin sup ple men ta tion is discontinued in some 
adult patients in the absence of recur rent infec tions despite per
sis tent hypogammaglobulinemia, this approach has not been 
eval u ated in pedi at rics.16 Because immune reserve is depen dent 
on plasma cell mass, which increases with age, the adult expe ri
ence can not be directly extrap o lated to pedi at rics.17 In addi tion 
to immune glob u lin sup port, pro phy lac tic anti mi cro bial agents 
are con sid ered for patients under go ing CAR Tcell ther apy. In 
gen eral, Pneumocystis jiroveci pneu mo nia (PJP) and her pes viral 
pro phy laxis are recommended at a min i mum until CD4+ lym pho
cyte counts are greater than 200/µL, though opti mal dura tion 
is not well defined.12,18,19 Practices for addi tional anti fun gal and 
anti bac te rial pro phy laxis are var i able and may include con sid er
ations for dura tion of neutropenia.

Current rec om men da tions are to con tinue immune glob u lin 
sup ple men ta tion in pedi at ric patients unless there is evi dence 

of de novo pro duc tion.12,20 With this sup port ive care prac tice, 
the lim ited ini tial expe ri ence of late infec tions is low, with mild 
upper respi ra tory infec tions occur ring most fre quently.21 Ongo
ing immune glob u lin sup ple men ta tion lim its the abil ity to assess 
poten tial vac cine response after CD19CAR Tcell ther apy. While 
live vac ci na tions should be avoided due to safety con sid er ations 
in patients with out immune recov ery, fur ther inves ti ga tion is 
needed to deter mine whether there is any clin i cal ben e fit for 
attempting other revac ci na tion in patients with indefi  nite Bcell 
aplasia.16,22

Neuropsychiatric and neurocognitive impact
In the acute set ting, ICANS can have var i able pre sen ta tions, 
rang ing from head ache and con fu sion to sei zures and som no
lence.2325 While the most obvi ous symp toms of ICANS typ i cally 
resolve within the first month, patients have not been rou tinely 
assessed for the per sis tence of more sub tle neurocognitive 
changes. In qual ityoflife mea sures, patients report that CAR 
Tcell ther apy car ries a nota ble symp tom bur den in the acute 
phase but improves over time after ther apy.26 However, in adult 
cohorts, CAR Tcell recip i ents report an increased inci dence of 
neu ro psy chi at ric symp toms com pared with the gen eral pop u
la tion27 and con cerns for per sis tence of some cog ni tive delay, 
despite gen er al ized improve ments.28 While his tory of ICANS is 
iden ti fied as a poten tial risk fac tor for ongo ing neurocognitive 
and neu ro psy chi at ric effects, these have also been iden ti fied in 
patients who did not expe ri ence ICANS.27,28

Routine neurocognitive assess ments and eval u a tion for per
sis tent or delayedonset neu ro logic toxicities incor po rat ing 
patientreported out comes will be required to bet ter pro file 
the neu ro logic and psy cho so cial impact of CAR Tcell ther apy. 
Identifying fac tors such as per sis tent anx i ety, stress, or depres
sion related to the CAR Tcell treat ment expe ri ence that impact 
social func tion will be nec es sary to pro vide opti mal psy cho so
cial sup port to patients and fam i lies. This eval u a tion is com plex 
in a cohort his tor i cally exposed to other poten tially neu ro toxic 
ther a pies with delayedonset symp toms, includ ing intra the cal 
che mo ther apy, radi a tion, and HCT.29 Capturing prior treat ment 
expo sures will be nec es sary to iso late which neurocognitive out
comes may be attrib uted to CAR Tcell ther apy and will be vital 
for deci sionmak ing as CAR T cells are increas ingly inte grated 
into the care of chil dren with BALL.

Other organ toxicities
Additional organspe cific toxicities have been iden ti fied in the 
acute phase after CAR Tcell ther apy, par tic u larly car diac, pul
mo nary, and renal toxicities in the set ting of cyto kine release 
syn drome.3033 In the observed expe ri ence to date, pri mar ily in 
adult patients, these effects gen er ally improve with res o lu tion 
of the acute inflam ma tory state.7 With BALL, local inflam ma
tion at sites of extramedullary dis ease (eg, pul mo nary, peri
ocu lar) may also be asso ci ated with man i fes ta tions of unique 
toxicities.32,34,35 Accordingly, as approaches in CAR T cells tar  
geting brain tumors evolve, rec og ni tion of tumor inflam ma tion- 
asso ci ated neu ro tox ic ity36 neces si tates both unique mon
i tor ing and treat ment strat e gies. Evaluation of novel CAR 
Tcell tar gets for a range of malig nan cies will also require a 
high index of sus pi cion for new ontar get, offtumor effects. 
Further sys tem atic eval u a tion will be required to deter
mine the delayed toxicities of CAR Tcell ther apy on sys tems  
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espe cially rel e vant to chil dren and young adults, includ ing 
psy cho so cial con sid er ations, endo crine, growth, and metab
o lism, and to eval u ate how the longterm risk pro file of CAR 
Tcell ther apy com pares with other ther a peu tic options.4

CLINICAL CASE 2
A 23yearold woman with a his tory of relapsed/refrac tory BALL 
is now 5 years sta tus post tisagenlecleucel infu sion. Her his tory 
is nota ble for a prior myeloablative total body irra di a tion-based 
allo ge neic HCT from a matched sib ling donor. She received CAR 
T cells for relapsed dis ease 1 year post HCT. Following infu sion, 
she achieved a com plete remis sion, has not received any sub se
quent inter ven tion or reinfusions, and remains with Bcell aplasia 
requir ing immu no glob u lin replace ment. She recently moved to a 
new state and is establishing care with a sur vi vor ship clinic. Her 
new pro vider asks her about rec om men da tions for longterm 
fol lowup after CAR T cells.

Late effects of CAR T-cell ther apy
As the ear li est cohorts of chil dren and young adults who 
received CAR Tcell ther apy for BALL are enter ing into a decade 
post their ini tial infu sion, there is an emerg ing need to under
stand late effects for chil dren and young adults who receive 
this novel ther apy. With the goal of improv ing longterm dura
ble remis sions, extended fol lowup from ini tial stud ies con firm 
that CD19directed CAR T cells may be used as a sin gu lar ther
apy in a sub set of patients37 or as a bridge to HCT for oth ers.38,39 
Experience accu mu lated over the past decade has gen er ated 
impor tant insights into clin i cal fac tors impor tant for maintaining 
longterm dura ble remis sions.40,41 Evolving strat e gies will likely 
serve to help dif fer en ti ate patients in whom CAR T cells will 
be cura tive as standalone ther apy ver sus those at highest risk 
of treat ment fail ure where riskmit i ga tion strat e gies to pre vent 
relapse, such as a pre emp tive consolidative HCT, may be indi
cated, par tic u larly for an HCT naïve patient.42 Accordingly, the 

num ber of chil dren and young adults who receive CAR T cells will 
con tinue to increase, as will the pro por tion of patients who live 
into the sur vi vor ship phase.

Long-term mon i tor ing fol low ing CAR T cells
At pres ent, there are no stan dard guide lines spe cific to longterm 
mon i tor ing in recip i ents of CAR T cells (Table 2). As patients 
who are referred for CAR T cells are those with relapsed/refrac
tory dis ease and have gen er ally received mul ti ple lines of prior 
 ther apy (includ ing HCT) or will be receiv ing HCT, refer ral to 
sur vi vor ship clin ics and/or adopting use of guide lines appli ca
ble to mon i tor ing organspe cific toxicities in the postHCT or 
com ple tion of ther apy set ting will be crit i cal until CAR Tcell-
spe cific late toxicities are more wellestablished.43,44 Similarly, 
cur rent rec om men da tions for screen ing and mon i tor ing neuro
cognitive func tion in longterm sur vi vors of BALL ther apy could 
be eval u ated for use in ongo ing fol lowup for patients receiv ing 
CAR T cells.45,46

As recent data have shown that con tem po rary sur vi vors of 
stan dardrisk ALL have reduced late mor tal ity and mor bid ity,44 
it will be imper a tive to eval u ate whether longterm mor bid ity 
and mor tal ity con tinue to decrease with ear lier uti li za tion of CAR 
T cells prior to receiv ing mul ti ple lines of sal vage ther apy and 
poten tially reduc ing the need for HCT.

CAR T-cell–asso ci ated muta gen e sis (or lack thereof)
Beyond sin gle CAR Tcell infu sions, reinfusion of the same CAR 
Tcell prod uct47,48 or use of an alter na tive CAR Tcell con struct49 
for pre vent ing or treating post-CAR Tcell relapse is increas
ingly being employed. How this uti li za tion, with receipt of 
mul ti ple doses of genet i cally mod i fied ther apy, impacts long
term out comes remains to be seen. Reassuringly, exten sive 
data over numer ous CAR Tcell tri als have shown no evi dence 
of rep li ca tion com pe tent ret ro vi rus/len ti vi rus using stan dard 
CAR Tcell manufactur ing and trans duc tion meth od ol o gies.50,51 
However, with tech no log i cal advances, ongo ing mon i tor
ing will be needed—as shown in a recent case of CAR Tcell- 
asso ci ated lym phoma using a piggyBacmod i fied CD19CAR 
Tcell con struct.52

Table 2. Future study of late effects fol low ing CAR T-cells

Recommendations

Longterm mon i tor ing guide lines At pres ent guide lines spe cific to CAR Tcell longterm fol lowup do not exist. Recommend use of existing 
guide lines for post HCT (if indi cated) or com ple tion of ther apy fol lowup for spe cific endorgan mon i tor ing 
(eg, endocrinopathies, neurocognitive func tion, car diac) as related to impact of ther apy a patient may have 
received prior to CAR Tcells.
Continue mon i tor ing for Bcell aplasia, hypogammaglobulinemia, and responses to vac ci na tion.

CAR Tcell-asso ci ated muta gen e sis To date, CAR Tcell-induced malig nan cies have not been seen with use of stan dard approaches to  
trans duc tion and manufactur ing approaches. Continue ongo ing mon i tor ing as novel strat e gies are 
implemented.

Second malig nant neo plasms Risk is likely not higher with use of CAR Tcells above and beyond what would be antic i pated in patients 
with com pa ra ble lines of prior ther apy. Close mon i tor ing will be needed as patients receive fewer lines of 
ther apy and get CAR Tcells ear lier in the treat ment par a digm.

Fertility The impact of CAR Tcells on fer til ity is unknown. Systematic stud ies of patients who go on to father a 
child/become preg nant and have a live birth are needed. Improved strat e gies for implementing fer til ity 
dis cus sion in the peri CAR Tcell set ting are needed (beyond those advis ing on avoiding preg nancy in the 
imme di ate CAR Tcell infu sion period).

HCT, hema to poi etic cell trans plant.
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Second malig nant neo plasms
In addi tion to con sid er ations of CAR Tcell-asso ci ated malig
nan cies, patients remain at risk of devel op ing sec ond malig nant 
neo plasms based on their prior ther a pies. The addi tive impact of 
CAR T cells in this set ting is unknown but reassuring, suggesting  
that the incre men tal risk of CAR T cells (and the asso ci ated 
lymphodepletion che mo ther apy with fludarabine and cyclo
phos pha mide) on sec ond malig nant neo plasms is not higher 
than what would be expected in patients who are heavily pre
treated.53,54 Earlier incor po ra tion of CAR T cells prior to mul ti ple 
lines of ther apy and/or HCT may improve the risk of sec ond 
malig nan cies over all and war rants fur ther study.

Lineage switch, which is an immunophenotypic switch of the 
under ly ing geno mic clone, as to be dif fer en ti ated from a sec ond 
malig nant neo plasm, remains prob lem atic—par tic u larly in BALL 
fol low ing immu no ther apy. While the over all inci dence remains 
unknown, a recent study sug gests that it com prises 7.2% of 
all  the relapses seen fol low ing CD19CAR T cells in a pedi at ric 
pop u la tion—all  of whom had poor out comes.55 As most cases 
occurred acutely (much ear lier than 2 years post infu sion), it 
remains unclear whether patients will remain at risk of lin e age 
switch when they are sev eral years out from CAR T cells.

Fertility fol low ing CAR T cells
As chil dren and ado les cents move into the phase of can cer sur
vi vor ship, issues of fer til ity often move into the fore front. Guide
lines for fer til ity pres er va tion,56,57 gen er ally implemented prior 
to ini ti a tion of ther apy—as fea si ble and if age appro pri ate— 
estab lish a crit i cal foun da tion for enhanc ing longterm qual ity 
of life in can cer sur vi vors. In acute leu ke mia, how ever, fer til ity 
pres er va tion may not be pos si ble prior to ini ti a tion of ther
apy, and con cern for resid ual dis ease in sanc tu ary sites like the 
ovary58 (eg, for ovar ian cryo pres er va tion) remain prob lem atic. 
Additionally, in indi vid u als under go ing myeloablative HCT with 
use of TBI or busul fan, gonadal tox ic ity is sub stan tial, lead ing to 
per ma nent infer til ity in most patients.5961 In the con text of CAR 
T cells in patients with refrac tory dis ease who have received 
mul ti ple lines of prior ther apy, poten tially includ ing myeloabla
tive HCT, con cerns for preexisting infer til ity and the need to get 
to CAR T cells urgently often pre cludes dis cus sions regard ing 
fer til ity.

Nonetheless, with increas ing use of CAR T cells to spare HCT 
and/or addi tional che mo ther apy, sev eral patients who have 
had chil dren after using CAR T cells (either fathered a child or 
became preg nant with a live birth) have been briefly reported.62 
Indeed, as CAR T cells are used ear lier, the pro por tion of patients 
in whom fer til ity could be pre served may increase—mak ing it 
imper a tive to sys tem at i cally address fer til ity issues in the peri-
CAR Tcell set ting mov ing for ward.

Discussion
The trans for ma tive impact of CAR T cells for chil dren and young 
adults with BALL is undis puted. Indeed, those with che mo ther
apy refrac tory dis ease and whose hope of cure was dis mal are 
now sur viv ing. As the CAR Tcell use becomes more prev a lent 
and moves ear lier into the treat ment par a digm, under stand ing 
both the sub acute and delayed toxicities, along side iden ti fy
ing issues unique to CAR T cells in the study of late effects and 
sur vi vor ship, will become par a mount. As CAR T cells con tinue 
to expand in scope with novel anti gen targeting, com bi na to rial 

strat e gies and across dif fer ent dis eases, issues of delayed tox
icities and post-CAR Tcell sur vi vor ship will increase, par tic u
lar as the ther a peu tic index of these novel strat e gies improves. 
We out line cur rent con sid er ations and antic i pate tre men dous 
growth in the study of delayed toxicities and late effects over 
the next decade.
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