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In patients receiv ing allo ge neic hema to poi etic cell trans plan ta tion to cure acute mye loid leu ke mia (AML), recur rence of 
the under ly ing dis ease, or relapse, rep re sents a cru cial unanswered issue and prominent cause of mor tal ity. Still, over 
recent years, advance ments in omic tech nol o gies have allowed us to gain new insights into the dynamic changes occur
ring in can cer and the host over the course of treat ments, pro vid ing a novel evo lu tion ary per spec tive on the issue of dis
ease relapse. In this review, we sum ma rize cur rent knowl edge on the molec u lar fea tures of relaps ing AML, with a spe cific 
focus on changes in the muta tional asset of the dis ease and in the inter play between the tumor and the donorderived 
immune sys tem. In par tic u lar, we dis cuss how this infor ma tion can be trans lated into rel e vant indi ca tions for mon i tor ing 
transplanted patients and selecting the most appro pri ate ther a peu tic options to pre vent and treat relapse.

LEARNING OBJEC TIVES
 • Review the muta tional land scape of relaps ing leu ke mia, with a focus on muta tions rel e vant for molec u lar mon i tor ing 

and targeted inter ven tion
 • Summarize knowl edge on post-trans plant immune escape modal i ties and on spe cific strat e gies to cir cum vent 

them

CLINICAL CASE
A 25-year-old man with no rel e vant pre vi ous med i cal his-
tory is diag nosed with acute mye loid leu ke mia (AML). 
Disease char ac ter iza tion at pre sen ta tion evi dences mono-
somal kar yo type and an onco genic muta tion in ASXL1, thus 
the patient is strat i fied as high risk according to Euro pean 
Leukemia Net (ELN) 2022 clas si fi ca tion.1 After 2 induc tion 
cycles of inten sive che mo ther apy, the patient achieves 
com plete remis sion with incom plete hema to logic recov ery 
and pro ceeds to allo ge neic hema to poi etic cell trans plan ta-
tion (alloHCT). Due to the lack of human leukocyte antigens 
(HLA)-iden ti cal sib lings and of rap idly avail  able and ade-
quately matched unre lated donors, the HLA-haploidentical 
22-year-old brother is selected as donor, and a myeloab-
lative periph eral blood stem cell trans plant is performed, 
followed by high-dose cyclo phos pha mide, tacrolimus, and 
mycophenolate mofetil as graft-ver sus-host dis ease (GvHD) 
pro phy laxis. No major clin i cal com pli ca tion occurs over the 
early post-trans plant phase, and the patient is discharged 
from the hos pi tal at day 32 after alloHCT.

Introduction
Disease relapse after trans plan ta tion rep re sents a cru cial 
unsolved clin i cal issue, jeopardizing the results obtained 
in a com plex and del i cate pro ce dure such as alloHCT, 
with major med i cal, psy cho log i cal, and socio eco nomic 
impli ca tions.2

A tra di tional and rather super fi cial per cep tion regard ing 
relapse is that treat ment “was not enough” to erad i cate 
resid ual malig nant cells, often lead ing to con sid er ations 
about the fea si bil ity of increas ing doses and the asso ci ated 
toxicities. Whereas in some cases this con cept may lead 
to remark able results (as for instance dem on strated by the 
effec tive ness in some patients of infu sion of fresh donor 
lym pho cytes to boost the immu no ther a peu tic effects of 
alloHCT), fre quently this is not fea si ble or effec tive.

Recently, the per cep tion of the bio log i cal causes of treat-
ment fail ure has changed, thanks to stud ies that inves ti gated 
intrapatient can cer het ero ge ne ity and the genetic and non-
ge netic changes that accu mu late dur ing can cer pro gres-
sion. This per spec tive embraces the Dar win ian evo lu tion ary 
the ory and identifies relapse as the selec tion of var i ants of 
the orig i nal dis ease that are resis tant to the mech a nism of 
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action of the employed ther apy; for this rea son, cau tion in reusing 
treat ments that have the same tar gets is warranted. In par tic u-
lar, in the fine bal ance between leu ke mia clones (and epiclones), 
alloHCT rep re sents a dra matic evo lu tion ary bot tle neck of impor-
tance: to be  able to per sist, subclones must carry the genetic 
muta tions that grant them resis tance to che mo ther apy and be 
 able to evade immune rec og ni tion medi ated by donor cells trans-
ferred as part of the graft (graft-ver sus-tumor [GvT] effect).3

In this review, we pro vide an over view on cur rent knowl edge 
about how the muta tional rep er toire of AML is sculpted upon 
trans plant and on known mech a nisms employed by malig nant 
cells to thwart immune elim i na tion. In par tic u lar, we pro vide 
prac ti cal indi ca tions on how this bio log i cal evi dence can inform 
the design of post-trans plan ta tion mon i tor ing strat e gies and 
ther apy selec tion.

Changes in the muta tional land scape over  
the course of treat ments
One of the major achieve ments of mod ern oncol ogy is the 
pos si bil ity, thanks to next-gen er a tion sequenc ing (NGS) tech-
nol o gies, to eas ily and rap idly obtain the muta tional asset of a 
tumor. At the time of dis ease pre sen ta tion, a detailed disease 
mutational profile serves mainly 3 pur poses: (1) deter min ing the 
prog nos tic cat e gory to which the patient belongs; (2) iden ti fy-
ing muta tions that can con fer sen si tiv ity or resis tance to spe-
cific drugs (sum ma rized in Table 1); and (3) picking 1 or more 

alter ations to employ as dis ease-spe cific mark ers dur ing the 
sub se quent fol low-up.

In detail, FLT3 muta tions rep re sent a rel e vant ther a peu tic tar-
get, with at least 5 drugs (midostaurin, sorafenib, crenolanib, gil-
teritinib, quizartinib) tested in both post HCT main te nance4-8 and 
ther apy for relapsed dis ease9-13; among them, midostaurin and 
quizartinib are active only in the pres ence of FLT3-ITD muta tions, 
while the oth ers are effec tive in both ITD and TKD muta tions.

Mutations in IDH1 and IDH2 also can be targeted with spe-
cific com pounds (ivosidenib, enasidenib, and olutasidenib), 
and the new class of drugs termed menin inhib i tors (revumenib, 
JNJ-72576617, ziftomenib) showed prom is ing effi cacy in patients 
car ry ing NPM1 muta tions.14-20

Repeating a sim i lar pro fil ing at the time of relapse, after either 
che mo ther apy or alloHCT, has shown that often the muta tional 
asset changes, with some muta tions that alter their quan ti ta tive 
rep re sen ta tion in the tumor bulk (quan ti fied through the var i ant 
allele fre quency) and oth ers that are gained or lost.21-25

Table 2 sum ma rizes avail  able lit er a ture on genetic changes 
occur ring in AML upon alloHCT. In par tic u lar, one of the most rel-
e vant find ings emerg ing from such stud ies is that the spec trum 
of gained and lost muta tions after trans plan ta tion is sim i lar to 
its coun ter part after che mo ther apy, with no spe cific recur rent 
muta tion or recur rently altered path way (with the remark able 
excep tion of HLA genes, discussed in the next sec tion). How-
ever, as shown by Hong and col leagues in a more recent study, 

Table 1. AML muta tions selec tively targeted by drugs, and avail  able stud ies in post-trans plant main te nance and relapse

Mutated gene Drug Trials for main te nance after alloHCT Trials in relapsed AML

FLT3 Midostaurin 120 pts ran dom ized to midostaurin vs stan dard 
of care. OS 85% vs 76% at 24 months (P  =  0.34). 
NCT018833624

99 pts treated. ORR 71% in FLT3mut pts and 42% 
in FLT3wt pts. NCT000459429

Sorafenib (active only  
in FLT3-ITD)

83 pts ran dom ized to sorafenib vs pla cebo. 
OS 90.5% vs 66.2% at 24 months (P  =  0.007). 
DRKS000005915

202 pts ran dom ized to sorafenib vs pla cebo.  
2-year OS 82% vs 68% (P  =  0.012). NCT024742906

29 pts treated. ORR 37, 9%, median OS 7.1 
months.10

Crenolanib A phase 2 trial is cur rently ongo ing. NCT02400255 38 pts treated; ORR 47% at 14 weeks.11

Gilteritinib 356 pts ran dom ized to gilteritinib vs pla cebo. No 
dif fer ence in OS, but in pts with MRD higher RFS 
with gilteritinib (P  =  0.0065). NCT029972027

371 pts ran dom ized to gilteritinib vs  
che mo ther apy. ORR 67.6% vs 25.8%, OS 9.3 
months vs 5.6 months (P  <  0.001). NCT0242193912

Quizartinib (active only  
in FLT3-ITD)

13 pts treated, accept able toxicities, OS 13-142 
weeks; no dif fer ence in OS vs his tor i cal cohort. 
NCT014684678

367 pts ran dom ized to quizartinib vs  
che mo ther apy. OS 6.2 months vs 4.7 months 
(P  =  0.02). NCT02039726 (Cortes et al.)13

IDH1 Ivosidenib 16 pts treated, PFS 81% at 2 years, OS 88% at  
2 years. NCT0356482115

258 pts treated. ORR 41.6%. NCT0207483918

Olutasidenib 31 pts treated. ORR 22%. NCT0271957416

IDH2 Enasidenib 19 pts treated, PFS 69% at 2 years, OS 74% at  
2 years. NCT0351551214

229 pts treated. ORR 40.3%. NCT0191549817

KMT2A fusion
NPM1
NUP98 fusion

Revumenib 9 pts treated, CR maintained in 6/9 (66%). 
NCT0406539919

68 pts treated. ORR 53%, CR/CRh 30%. 
NCT0406539920

JNJ-72576617 A phase 1 trial is cur rently ongo ing. 
NCT05453903

Ziftomenib A phase 1 trial is cur rently ongo ing. NCT06440135 A phase 1 trial is cur rently ongo ing. 
NCT04067336

CR, com plete remis sion; CRh, com plete remis sion with par tial hema to log i cal recov ery; mut, mutated; ORR, over all response rate; OS, over all sur vival; 
PFS, pro gres sion-free sur vival; pts, patients; RFS, relapse-free sur vival; wt, wild type.
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relapses after alloHCT are often more dif fer ent from the orig i nal 
dis ease pre sen ta tion than their coun ter parts after che mo ther-
apy and pres ent a wider rep er toire of pos si ble novel alter ations. 
For instance, in the authors’ anal y sis, new IDH1 muta tions (poten-
tially tar get able by small mol e cules under devel op ment as dis-
cussed pre vi ously and detailed in Table 1) were detected only in 
posttransplant relapses.21

Mutations in FLT3 and other genes that boost leu ke mia cell 
pro lif er a tion, includ ing KRAS, NRAS, PTPN11, and KIT, are often 
found in subclonal frac tions of the dis ease, indi cat ing they are 
often late events in dis ease evo lu tion.21-24 As such they are fre-
quently gained (but also some times lost) in the mas sive reshap-
ing that accompanies relapse. In par tic u lar, Waterhouse and 
col lab o ra tors were the first to show fre quent copy neu tral loss of 
het ero zy gos ity (CN-LOH) of chro mo some 13 at relapse in cases 
that orig i nally car ried the FLT3-ITD muta tion, lead ing to dou ble 
the alle lic bur den of the alter ation.25 It should also be men tioned 
that targeting FLT3-ITD by spe cific inhib i tors has the added 
effect of induc ing the release from leu ke mic cells of IL-15, which 
after alloHCT might pro mote the GvT effect and synergize with 
donor lym pho cyte infu sion.26

Other muta tions that have been described to appear fre-
quently at relapse, or to increase their var i ant allele fre quency 
if pre ex is tent, include TP53 and WT1.21,22,24,27 Regarding the lat-
ter, loss-of-func tion muta tions are report edly pos i tively selected 
upon alloHCT, suggesting that they might rep re sent a modal ity 
of immune escape.27

Of par tic u lar rel e vance are those muta tions that are pres-
ent and clonal at dis ease diag no sis, and that are in most cases 
detected at all  sub se quent dis ease pre sen ta tions, since they 

rep re sent the best options to track even tual dis ease per sis-
tence. Belonging to this cat e gory are core binding factor gene 
fusions and mutations in epi ge netic mod i fi ers (ie, DNMT3A, 
TET2, ASLX1, IDH1-IDH2), spliceosome genes, and NPM1. In an 
inter est ing recent work, Wienecke and col lab o ra tors pro filed 
the muta tional asset of diag noses and post-trans plan ta tion 
relapses and employed this infor ma tion to ana lyze periph eral 
blood remis sion sam ples for pres ence of the muta tions. They 
showed that this would allow detec tion of up to 38% and 64% 
of relapses, respec tively, if mon i tor ing was performed every 3 
months or monthly. Also in this study, 27% of relapse muta tions 
were newly acquired.23

Immune-related changes at relapse after alloHCT
AlloHCT rep re sents a par a dig matic form of adop tive immu no-
ther apy, trans fer ring from the donor to the patient an entire 
immune sys tem, com posed of cells with a dif fer ent spec i fic ity, 
mech a nism of action, and mat u ra tion state. This allows for tar-
geting simul ta neously a pleth ora of tar gets on malig nant cells, 
attacking resid ual malig nant cells in mul ti ple, pos si bly syn er gis-
tic ways. However, clin i cal and exper i men tal data have clearly 
shown over the years that some ele ments of the immune orches-
tra are dom i nant over oth ers upon alloHCT, and in par tic u lar pri-
mary alloreactivity of T cells against incom pat i ble HLA mol e cules 
super sedes and dis places responses against minor his to com pat-
i bil ity anti gens and tumor-spe cific anti gens.

Disease recur rence often orig i na tes when leu ke mic cells gain 
fea tures that allow them to evade this dom i nant response, and it 
is becom ing increas ingly clear that dif fer ent alter na tive modal i-
ties of immune escape exist, with dif fer ent fre quency in rela tion 

Table 2. Studies on the genetic changes occur ring in AML at post-trans plan ta tion relapse

Reference Disease N Analysis of macroalterations Mutational pro fil ing

Bacher et al68 AML 26 Yes (by stan dard cyto ge net ics and FISH):  
new geno mic macroalterations in 20/26  
relapses

No

Waterhouse et al25 AML 21 Yes (by SNP arrays): new geno mic macroalterations 
in 16/21 relapses, FLT3-ITD CN-LOH in 1/21

No

Quek et al22 AML 29 Yes (by stan dard cyto ge net ics and FISH):  
new geno mic macroalterations in 16/29  
relapses

Yes (by targeted NGS panel): changes in muta tional 
pro file in 13/29 relapses, new muta tions in TET2, 
NRAS, WT1, ETV6, RUNX1, DNMT3A, TP53, NPM1, 
IDH1, FLT3 ITD, PHF6

Christopher et al24 AML 15 No Yes (by WES): changes in muta tional pro file in  
13/15 relapses, new muta tions in NRAS, FLT3,  
WT1, STAG2

Vosberg et al27 AML 12 No Yes (by WES): new WT1 muta tions in 6/12 relapses

Toffalori et al41 AML 12 Yes (by SNP arrays): new geno mic macroalterations  
in 7/12 relapses, FLT3-ITD CN-LOH in 2/12

No

Hong et al21 AML/MDS 49 No Yes (by targeted NGS panel): changes in muta tional 
pro file in 46/49 relapses, new IDH1 muta tions

Pagliuca et al69 AML/MDS 55 No Yes (by targeted NGS panel, includ ing HLA genes): 
HLA muta tions in 9/40 diag noses and 17/44 
relapses, var i able changes in non-HLA genes

Wienecke et al23 AML 59 No Yes (by WES): changes in muta tional pro file in 
28/59 relapses, muta tions in spliceosome and 
epi ge netic mod i fi ers sta ble, in sig nal trans duc tion 
genes unsta ble

FISH, fluo res cence in situ hybrid iza tion; NGS, next-gen er a tion sequenc ing; SNP, sin gle nucle o tide poly mor phism; WES, whole-exome sequenc ing.
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to time after trans plant, donor-recip i ent matching, and other 
trans plant-related var i ables, includ ing graft com po si tion and 
occur rence of GvHD, suggesting that all  these fac tors shape the 
dom i nant immune response and thus the coun ter mea sure nec-
es sary for leu ke mia to evade it.28-30 In this per spec tive, treating 
relapse should aim to shift the immune response to new tar gets, 
or even to equil i brate a deranged immunodominant GvT effect. 
In the next sec tions, we briefly sum ma rize cur rent knowl edge on 
modal i ties of post-trans plan ta tion leu ke mia immune escape and 
pres ent strat e gies to detect and coun ter act them.

Genomic loss of 1 HLA hap lo type (HLA loss)
As men tioned in the pre vi ous par a graph, HLA mol e cules that are 
pres ent in the patient but not in the donor rep re sent the most 
potent tar gets of donor T-cell-medi ated pri mary alloreactivity, 
being nat u rally rec og nized by an extremely high num ber of indi-
vid ual donor T cells with out need of prior prim ing. Fifteen years 
ago, our group described for the first time that in the set ting of 
alloHCT from haploidentical fam ily donors a con sis tent pro por-
tion of relapses (up to one-third) presented geno mic loss of 1 
HLA hap lo type through CN-LOH.31 Losing mismatched HLAs by 
dupli cat ing the com pat i ble hap lo type dra mat i cally reduces the 
immu no ge nic ity of leu ke mic cells, ren der ing them “invis i ble” to 
the donor immune sys tem. Thus, HLA loss represented the first 
evi dence of a recur rent modal ity of immune escape respon si ble 
for leu ke mia relapse after alloHCT.

A num ber of sub se quent stud ies con firmed the very high 
inci dence of HLA loss in relapses after haploidentical HCT, inde-
pen dently from the type of post-trans plant GvHD pro phy laxis 
employed, although this modal ity of relapse is less fre quent 
after HCT from par tially mismatched unre lated donors (account-
ing for approx i ma tely 10% of relapses) and very rare after 10/10 
matched unre lated donor trans plants and, unex pect edly, umbil-
i cal cord blood trans plants.32-34

The ini tial descrip tion of HLA loss was performed in the set-
ting of T-cell-depleted haploidentical trans plant com bined with 
pro phy lac tic donor lym pho cyte infu sion (DLI), evi denc ing this 
genetic rearrangement in 30% of the relapses.31 A sim i lar fre-
quency was documented in T-cell-replete plat forms, includ ing 
those with the use of post-trans plant cyclo phos pha mide.32-35 
No spe cific anal y sis is avail  able regard ing T-cell-depleted hap-
loidentical trans plants with out sub se quent use of DLIs.

Several meth ods are cur rently avail  able to detect geno mic 
loss of HLA hap lo type, orig i nally performed through HLA typ ing 
of puri fied leu ke mia blasts and sin gle nucle o tide poly mor phism 
(SNP) arrays,36 and now pos si ble through quan ti ta tive poly mer-
ase chain reac tion (using the HLA-KMR assay)37 and NGS.38

Since their orig i nal descrip tion, HLA loss relapses have 
prompted con sid er ations of sal vage ther a peu tic approaches. 
The first clin i cally rel e vant obser va tion is that use of DLIs should 
be avoided in this set ting, since leu ke mia has lost their main 
tar gets while other tis sues con tinue to pres ent them, con fig-
ur ing a sit u a tion in which the risk of GvHD surpasses by far the 
expected ther a peu tic ben e fit. In fit patients, a via ble option is 
sec ond trans plan ta tion from a dif fer ent donor, selected not only 
based on matching with the patient but spe cifi  cally for being 
mismatched against the HLA-rearranged leu ke mia. While this 
could be achieved with cord blood units and adult unre lated 
donors, the best exam ple comes from choos ing a sec ond hap-
loidentical donor, matched with the patient for the other hap lo-

type. Moreover, ther a peu tic strat e gies not based on con ven tional 
inter ac tions between the donor T-cell recep tors and tar get HLAs 
gain a spe cific ratio nale in this set ting. In par tic u lar, we presented 
pre clin i cal evi dence on the ratio nale of using bispecific antibod-
ies to bridge back donor T cells toward HLA loss blasts,39 and 
Wu and col leagues coher ently admin is tered the anti-CD19/CD3 
bispecific T-cell engager blinatumomab to 4 patients with HLA 
loss relapses, all  of them achiev ing com plete remis sion, with min-
i mal resid ual dis ease (MRD) neg a tiv ity reached in 3.40

Based on cur rent evi dence, HLA loss test ing should abso lutely 
be performed for relapses after haploidentical HCT but would 
be pref er a ble also in those after unre lated donor trans plants, 
espe cially if relapse occurred late after trans plant, since it has 
been shown that this type of relapse tends to occur later than 
its “clas si cal” coun ter part.33 However, regard less of the method 
employed, HLA loss detec tion must be performed in sam ples 
containing a sig nifi  cant pro por tion of malig nant cells (pref er a-
bly over 5%), thus neces si tat ing either enrich ment of these cells 
based on their immunophenotype or per for mance only at time 
of hema to log i cal relapse.

Downregulation of HLA class II mol e cules
Two inde pen dent stud ies focused on relapses with out geno mic 
HLA loss-iden ti fied downregulation of HLA class II genes (HLA-
DR, -DQ , -DP) and of their mas ter reg u la tor (the class II major his-
to com pat i bil ity transactivator, CIITA) as an alter na tive modal ity 
employed by leu ke mic cells to hide from donor T cells and result 
in relapse after trans plan ta tion.41,42 Different from the mech a nism 
presented in the pre vi ous sec tion, this modal ity is pri mar ily epi-
ge netic and occurs with sim i lar fre quency (approx i ma tely 40% 
of relapses) after all  type of trans plants, includ ing HLA-iden ti cal 
ones. Given the epi ge netic basis of this alter ation, it is pos si-
ble to revert it. One pos si bil ity is to expose leu ke mic cells to 
inter feron y (IFN-γ), which through an alter na tive CIITA pro moter 
can drive the re-expres sion of HLA class II mol e cules on the cell 
sur face. A clin i cal trial test ing the use of recom bi nant human IFN-
γ is ongo ing, with prom is ing pre lim i nary results.43 Alternatively, 
IFN-γ can be released by acti vated T cells, either upon acti va tion 
against other tis sues (such as when GvHD occurs41) or when redi-
rected against non-HLA tar gets on leu ke mic cells, as recently 
shown by an ele gant study from Rimando and col leagues.44

A more ambi tious pos si bil ity is to rewire the epi ge netic alter-
ations under pin ning HLA class downregulation. Our group has 
iden ti fied polycomb repres sive com plex 2 (PRC2) as the key epi-
ge netic driver of this immune escape modal ity, show ing that the 
inhi bi tion of EZH2, the cat a lytic sub unit of PRC2 (in par tic u lar 
using tazemetostat, already clin i cally approved for hema to log i-
cal and solid tumors), was  able to res cue HLA class II expres sion 
both in vitro and in vivo, rein stat ing leu ke mic rec og ni tion by T 
cells.45 A phase 1clinical trial test ing the com bi na tion of tazeme-
tostat with che mo ther apy in refrac tory/relapsed AML is cur rently 
ongo ing, per mit ting the enroll ment of patients relapsed after 
alloHCT (NCT05627232).

Upregulation of ligands for inhib i tory T-cell check points
Another fre quent immune-related alter ation observed at relapse 
in leu ke mic cells is the upregulation of ligands for T-cell inhib i-
tory recep tors, in par tic u lar involv ing PD-L1, CD276/B7-H3, and 
CD155/PVRL2 in var i able and com pos ite com bi na tions. This is 
accom pa nied by upregulation of mul ti ple inhib i tory recep tors 
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on donor T cells, includ ing PD-1, TIM-3, and LAG-3, often mir-
roring the changes occur ring in leu ke mia and more evi dent in 
cen tral mem ory and mem ory stem T cells infil trat ing the bone 
mar row of relapsed patients.41,46-48

The most ratio nale coun ter mea sure to these changes is to 
block the inhib i tory check points using mono clo nal antibod-
ies. Ipilimumab, an anti-CTLA4 anti body, con veyed prom is ing 
responses in ini tial stud ies, shown to be asso ci ated with upreg-
ulation of PD-1, HLA-DR, and ICOS on CD8+ cells.49,50 Recently, 
Garcia et al tested the com bined admin is tra tion of ipilimumab 
with decitabine in a mul ti cen ter phase 1 trial (ETCTN/CTEP 10026 
study, NCT02890329).51 In transplanted patients, the over all 
response rate was only 20%, with rather short-lived remis sions. 
Immune-related adverse events occurred in 44% of patients and 
did not appear to be asso ci ated with dif fer en tial response; strong 
asso ci a tion of response with a high base line ratio of T to AML cells 
was detected with sin gle-cell RNA sequenc ing. Immune acti va-
tion was only evi dent after ipilimumab expo sure, which drove 
CD4+ T-cell dif fer en ti a tion and increased the fre quency of mar-
row-infil trat ing reg u la tory T cells. Of note, immune changes were 
more evi dent in extramedullary leu ke mia sites as com pared with 
the bone mar row, suggesting a rel e vant role of micro en vi ron-
men tal niches in shap ing the GvL effect. Similarly, PD-1 inhib i tors, 
such as nivolumab and pembrolizumab,52,53 have been tested in 
the post-trans plant relapse set ting, with rare responses reported 
and sig nifi  cant toxicities (espe cially GvHD). Also the com bi na tion 
of nivolumab with hypomethylating agents tested in the recent 
phase 2 NIFAR study yielded only a 25% over all response rate, 
with another 25% of the patients achiev ing sta ble dis ease.54

Overall it appears that block ade of a sin gle immune check-
point, even in com bi na tion with other drugs, is insuf fi cient to 
revert this escape modal ity, and new pre clin i cal and clin i cal 
stud ies are urgently needed to iden tify alter na tive approaches.

In addi tion, TP53-mutated AML can gen er ate around itself a 
cold tumor micro en vi ron ment, char ac ter ized by low infil tra tion 
of cyto toxic T cells and by the accu mu la tion of immu no sup pres-
sive cells such as reg u la tory T cells and mye loid-derived sup-
pres sor cells.55 Similarly, FLT3-mutated AML are also fre quently 
asso ci ated with reduced infil tra tion by effec tor T cells in the 
bone mar row, damp en ing their immune rec og ni tion.56

Microenvironmental changes
It is increas ingly rec og nized that in hema to log i cal malig nan cies 
the tumor micro en vi ron ment (TME) is also sig nifi  cantly rewired 
and plays a key role in dis ease pro gres sion. This aspect is par-
tic u larly inter est ing in a set ting such as alloHCT, in which the 
immune and hema to poi etic com po nents of the bone mar row 
are replaced, but all  the stro mal com po nents remain of host ori-
gin. One of the main modal i ties by which the TME acts on all  its 
com po nents in a con certed way is met a bolic rewiring of T-cell 
activ ity: recently, Uhl and col leagues described indeed that upon 
alloHCT AML blasts enhance their production of lactic acid and 
that this in turn impairs T-Cell activity57; in this set ting, an ongo-
ing clin i cal trial is test ing the admin is tra tion of sodium bicar bon-
ate fol low ing DLIs (NCT04321161) in relapsed AML. Also, drugs 
can inter act with mul ti ple com po nents of the TME: in an inter est-
ing study, Vallet and col leagues showed that azithromycin alters 
the pro por tion of immune sub sets cir cu lat ing in patients and 
inhib its T-cell cyto tox ic ity against tumor cells by alter ing their 
metab o lism, ulti mately explaining the excess of relapse inci-

dence observed in the ALLOZITHRO trial in patients receiv ing 
this anti bi otic. In addi tion, they iden ti fied a Bacteroides taxon 
enriched in the enterobiome of relaps ing patients, show ing an 
asso ci a tion to a spe cific plasm a metab o lite sig na ture that ulti-
mately favored the accu mu la tion of exhausted T cells,58 in line 
with the find ings from Van de Brink’s group and suggesting a 
key role of microbiome for pre dic tion and treat ment of leu ke mia 
relapse.59 Moreover, the tis sue dam age asso ci ated with con di-
tion ing reg i men and immune com pli ca tions, such as GvHD, leads 
to oxi da tive stress and increases reac tive oxy gen spe cies in the 
cells, which in turn have been shown to cause oxi da tive DNA 
dam age and to dra mat i cally ham per T-cell acti va tion,60 support-
ing the ratio nale for implementing anti ox i dant ther a pies.

Although mostly inves ti gated out side the set ting of alloHCT, 
the pro duc tion of cyto kines from leu ke mic cells has also been 
con vinc ingly shown to dampen immune rec og ni tion. For 
instance, chronic mye loid leu ke mia cells pro duce transforming 
growth fac tor (TGF-β),59 which antag o nizes the CIITA/MHC-II axis 
and thereby ren ders leu ke mia cells less immu no genic.60 In addi-
tion, AML blasts can pro duce both cyto kines (IL-4 and IL-10)61,62 
and enzymes (indoleamine 2,3-dioxygenase-1 and argi nase)63,64 
that rewire the surrounding immune micro en vi ron ment toward a 
tol er ant/immu no sup pres sive pro gram, enriched in reg u la tory T 
cells and M2-like mono cytes.65,66

CLINICAL CASE (con tin ued)
Since the NGS panel employed at the time of diag no sis to char-
ac ter ize the muta tional asset of the patient is not designed or 
val i dated for quan ti fi ca tion of MRD, alloHCT mon i tor ing is per-
formed employing multiparametric flow cytom e try, cyto ge net-
ics, and bone mar row chi me rism. After 1 year of remis sion, a 
small clus ter of CD34+ cells (0.57% of bone mar row mono nu-
cle ated cells) displaying the orig i nal path o log i cal phe no type 
is detected. CD34+ cells are enriched by mag netic bead selec-
tion, and com plete muta tional pro fil ing by NGS is performed 
together with HLA loss anal y sis by HLA-KMR. Mutational pro-
file results are largely super im pos able with the one at dis ease 
pre sen ta tion, and in par tic u lar no new tar get able muta tion is 
pres ent. HLA-KMR pro vi des evi dence of HLA hap lo type loss. 
Based on this result, DLIs are with held, and the patient receives 
2 cycles of pre emp tive azacytidine + venetoclax while under-
go ing fit ness eval u a tion for a sec ond trans plant. The patient 
reobtains multiparametric flow cytom e try com plete remis sion 
and is cur rently in remis sion 3 years after a sec ond haploiden-
tical HCT from the mother, shar ing the other HLA hap lo type.

Conclusions
The flow chart pro vided in Figure 1 pro vi des some prac ti cal indi-
ca tions on the diag nos tic and ther a peu tic man age ment of AML 
patients after alloHCT.

The mul ti tude of var i ables that deter mine the over all risk of 
relapse and that are increas ingly rec og nized as deter mi nants of 
the relapse modal ity are becom ing too dif fi cult to com pute by 
stan dard means, and new arti fi cial intel li gence tech nol o gies are 
needed to cal cu late patient-spe cific haz ards and devise the most 
appro pri ate mon i tor ing and inter ven tion plan. In solid tumors, 
math e mat i cal mod el ing has even allowed trac ing of the tem po-
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ral tra jec tory of clonal evo lu tion, thereby devel op ing algo rithms 
 able to pre dict the most prob a ble muta tional asset at relapse.67

In this rap idly evolv ing con text, the design and enroll ment 
of patients into clin i cal tri als is highly warranted: not only would 
they per mit the col lec tion of punc tual high-qual ity infor ma tion 
needed for advanc ing relapse knowl edge and for the devel op-
ment of AI-powered pre dic tors, but they might rep re sent the 
only way to test per son al ized approaches to relapse in a rea son-
able time frame and with a busi ness vol ume of poten tial inter est 
for drug devel op ers.
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