TO THE EDITOR:

'.) Check for updates

BACH?2 is a putative T-cell lymphoma tumor suppressor
that may play a role in product-derived CAR

T-cell lymphomas
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We read with great interest the recent article published in Blood
by Micklethwaite et al, “Investigation of product-derived lym-
phoma following infusion of piggyBac-modified CD19 chimeric
antigen receptor T cells.”” In this article, the authors conducted
a phase 1 clinical trial of piggyBac transposon-generated CD19-
targeted chimeric antigen receptor (CAR) T cells in patients with
relapsed or persistent B-cell lymphomas following allogeneic
hematopoietic stem cell transplant. The authors describe the
first 2 reported cases of T-cell lymphomas arising from CAR-
modified T cells and perform detailed immunological, genomic,
and transcriptomic analyses of these cells. Their work represents
a highly important investigation into CAR T-cell safety.

The authors observed that the CAR lymphomas of both patients
had insertions into introns 3 and 4 of BACHZ2, which were associ-
ated with mildly reduced expression of the gene. For several
reasons, Micklethwaite et al argued that BACHZ2 inactivation
may not contribute to lymphomagenesis. First, they note an
absence of previous reports implicating BACH2 in T-cell lym-
phoma. Second, they contend that because BACHZ is already
expressed at low levels in untransformed memory T cells, further
downregulation of BACH2 levels by these insertions may not
have a sufficient molecular effect to drive positive selection.
Moreover, they note enrichment of retroviral insertion sites in
the BACH2 gene locus. These data suggest that recurrent
BACH?2 insertions could thus result from the locus being a hot-
spot for insertion of foreign genetic material, rather than positive
selection for BACH2-disrupted T cells.

However, in a paper recently published in Blood (Park
et al®), we identify BACH2 as a putative tumor suppressor
in T-cell malignancies for the first time. In our study, we
performed whole-genome sequencing in patients with cuta-
neous T-cell lymphoma (CTCL). We used previously pub-
lished algorithms to identify single nucleotide variants,
copy number variants, and translocation events.* The
data, detailed methods, and description of samples are
available in our paper. Our study was approved by the
Northwestern University Institutional Review Board and was
conducted in accordance with the Declaration of Helsinki.

Multiple lines of evidence support a tumor suppressor role for
BACHZ2 in CTCL. First, we performed an unbiased analysis for
recurrent translocations that occur more often than expected by
chance. This analysis identified BACHZ2 as the most significantly
affected gene (8 samples, P,y = 1.3 X 107). These appear to
be loss-of-function translocations, as they do not have a recur-
rent translocation partner. Moreover, the intronic breakpoint
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events occur in important BACH2 enhancers®’between the start
codon and the transcriptional start site (introns 1-5). These struc-
tural variants are predicted to inactivate gene expression by
uncoupling the promoter from the protein-coding messenger
RNA sequences (Figure 1). As is typical for tumor suppressors,
there are also additional deleterious mutations. In this case,
there are 6 additional samples with deletions that affect part of
or the entire gene and an additional nonsynonymous point
mutation. In total, we identified BACH?Z alterations in 14% of
CTCLs (Figure 1).

Like the breakpoints identified in CTCL, the CAR insertions
observed by Micklethwaite et al occurred in enhancers in introns
3 and 4 (Figure 1). It is therefore not surprising that their insertion
events lead to downregulation of gene expression in the malig-
nant cells." In Micklethwaite et al, both patients had mild downre-
gulation of BACHZ2 expression levels (patient 2: —0.17 log, fold
change; patient 8: —0.71 log; fold change) in the CAR lymphoma
as compared with the initial CAR product. Although others have
observed that normal memory CD4" T cells express less BACH2
than normal naive CD4" T cells,® modest decreases in BACH2
protein expression in T cells may be sufficient to cause clinical dis-
ease. Germline heterozygous BACH2 mutations reduce BACH2
protein expression in CD4" T cells by only ~25%. Nonetheless,
they are sufficient to drive a clinical syndrome characterized by
immunodeficiency and autoimmunity.” The changes in T-cell
immunophenotype can also be recapitulated by small interfering
RNA reduction of BACH2 levels in healthy T cells and by haploin-
sufficiency of BACH2 in vivo in mice.’

BACH2 normally functions in T cells to limit expression of T-cell
receptor—dependent transcriptional programs. It limits access of
AP-1 transcription factors to their target DNA sequences.'® In
Jurkat cells, BACH2 inhibits T-cell receptor-dependent
AP-T-mediated induction of interleukin-2, a proproliferative
cytokine."” Of cancer relevance, the AP-1 pathway mediates
drug resistance in CTCL'? and promotes growth and survival of
other T-cell lymphomas.™

Disruption of T-cell lymphoma tumor suppressors may
improve CAR T-cell fitness without inducing malignant
transformation. For example, lentivirally produced CAR T
cells have been observed to have clonal expansion of cells
with inactivation of TETZ2, another T-cell lymphoma tumor
suppressor.''> A phase 1 trial'® utilizing T-cell receptor—
transgenic T cells with CRISPR/Cas9 editing of the T-cell
lymphoma tumor suppressor PD-1"" was recently reported
and did not detect malignant transformation. Notably, the
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Figure 1. Mutation pattern consistent with a tumor suppressor role in BACH2.

Alterations in the BACH2 gene locus in patients with CAR T-cell lymphomas

(Micklethwaite et al') and in CTCL (Park et al?). Black rectangles represent BACH2 exons. Coordinates shown use the hg19 genome build. SNV, single nucleotide vari-

ant; TSS, transcriptional start site.

follow-up time was insufficient to exclude CAR malignancies
occurring up to 11.5 months following infusion as reported
in the Micklethwaite et al trial.

CAR T-cell manufacturers must balance the risks and benefits of
increasing efficacy and/or risk of malignant transformation. Thus, it
is important to identify genetic events that can plausibly induce
lymphomagenesis and functionally validate their effects. Additional
functional studies are required to elucidate whether insertions in
BACHZ2 had a causal impact on lymphomagenesis in the
Micklethwaite et al trial. As noted by the authors, BACHZ is a hot-
spot for both recurrent retroviral and piggyBac insertions in pri-
mary human CD4" T cells.’® However, it remains unclear whether
the recurrence rate of insertions in the BACHZ2 locus was due to a
preference for the insertion into this site or due to positive selec-
tion pressure for BACH2 mutant T cells. Last, because the clinical
phenotypes of CTCL and CAR T-cell lymphomas differ, it will be
important to address whether there are context-dependent effects
of genes such as BACH2 or other tumor suppressors. If CAR
T-cell lymphoma tumor suppressors are known, this information
can be leveraged to screen genetically engineered T-cell products
for those most likely to result in CAR product-derived cancers.

Acknowledgments

J.D. was supported, in part, by National Institutes of Health, National
Cancer Institute grants T32 CA009560 and F30 CA265107. J.C. was
supported, in part by the Leukemia and Lymphoma Society #1377-
21, the American Cancer Society RSG-20-050-01, and the Damon
Runyon Foundation DRCRF#CI-84-16.

Authorship

Contribution: J.D. and J.C. designed the project, analyzed the data, and
wrote the manuscript.

2732 & blood” 23 DECEMBER 2021 | VOLUME 138, NUMBER 25

Conflict-of-interest disclosure: The authors declare no competing financial
interests.

ORCID profiles: J.D., 0000-0003-4022-6795; J.C., 0000-0003-2379-
2226.

Correspondence: Jaehyuk Choi, Robert H. Lurie Comprehensive Can-
cer Center, Northwestern University, 303 E. Superior St, Room 5-115,
Chicago, IL 60611; e-mail: jaehyuk.choi@northwestern.edu.

Footnote

Received: May 21, 2021Revised: August 2, 2021Accepted: September
1, 2021

All data supporting this analysis are available in the article by Park et al.?

REFERENCES

1. Micklethwaite KP, Gowrishankar K, Gloss BS, et al. Investigation of
product-derived lymphoma following infusion of piggyBac-modified
CD19 chimeric antigen receptor T cells. Blood. 2021;138(16):1391-1405.

2. Park J, Daniels J, Wartewig T, et al. Integrated genomic analyses of
cutaneous T cell lymphomas reveal the molecular bases for disease
heterogeneity. Blood. 2021;138(14):1225-1236.

3. Choi J, Goh G, Walradt T, et al. Genomic landscape of cutaneous T cell
lymphoma. Nat Genet. 2015;47(9):1011-1019.

4. Daniels J, Doukas PG, Escala MEM, et al. Cellular origins and genetic
landscape of cutaneous gamma delta T cell lymphomas. Nat Commun.
2020;11(1):1806.

5. Wang J, Mullighan CG, Easton J, et al. CREST maps somatic structural
variation in cancer genomes with base-pair resolution. Nat Methods.
2011;8(8):652-654.

6. Richer MJ, Lang ML, Butler NS. T cell fates zipped up: how the Bach2

basic leucine zipper transcriptional repressor directs T cell
differentiation and function. J Immunol. 2016;197(4):1009.

LETTERS TO BLOOD

G20z JaquianoN 10 uo 3sanb Aq Jpd°1+9210120ZPIGPO0Iq/E68158L/LELT/ST/8E L/Pd-a1ole/po0]|q/B10° suonedlqndyse;/:dny wouy papeojumod


http://orcid.org/0000-0003-4022-6795
http://orcid.org/0000-0003-2379-2226
http://orcid.org/0000-0003-2379-2226
mailto:jaehyuk.choi@northwestern.edu

7. Vahedi G, Kanno Y, Furumoto Y, et al. Super-enhancers delineate disease-
associated regulatory nodes in T cells. Nature. 2015;520(7548):558-562.

8. Tsukumo S, Unno M, Muto A, et al. Bach2 maintains T cells in a naive
state by suppressing effector memory-related genes. Proc Natl Acad
Sci USA. 2013;110(26):10735-10740.

9. Afzali B, Grénholm J, Vandrovcova J, et al. BACH2 immunodeficiency
illustrates an association between super-enhancers and haploinsuffi-
ciency. Nat Immunol. 2017;18(7):813-823.

10. Roychoudhuri R, Clever D, Li P, et al. BACH2 regulates CD8(+) T cell
differentiation by controlling access of AP-1 factors to enhancers. Nat
Immunol. 2016;17(7):851-860.

11. Jang E, Lee HR, Lee GH, et al. Bach2 represses the AP-1-driven
induction of interleukin-2 gene transcription in CD4+ T cells. BMB Rep.
2017,50(9):472-477.

12. Qu K, Zaba LC, Satpathy AT, et al. Chromatin accessibility landscape of
cutaneous T cell lymphoma and dynamic response to HDAC inhibitors.
Cancer Cell. 2017;32(1):27-41.e4.

13. Schiefer Al, Vesely P, Hassler MR, Egger G, Kenner L. The role of AP-1
and epigenetics in ALCL. Front Biosci (Schol Ed). 2015;7(2):226-235.

14. Fraietta JA, Nobles CL, Sammons MA, et al. Disruption of TET2
promotes the therapeutic efficacy of CD19-targeted T cells. Nature.
2018;558(7709):307-312.

15. Couronné L, Bastard C, Bernard OA. TET2 and DNMT3A mutations in
human T-cell lymphoma. N Engl J Med. 2012;366(1):95-96.

16. Stadtmauer EA, Fraietta JA, Davis MM, et al. CRISPR-engineered T
cells in patients with refractory cancer. Science. 2020;367(6481):
eaba7365.

17. Wartewig T, Kurgyis Z, Keppler S, et al. PD-1 is a haploinsufficient
suppressor of T cell lymphomagenesis [published correction
appears in Nature. 2018; 553(7687):238]. Nature. 2017;552(7683):
121-125.

18. Gogol-Déring A, Ammar |, Gupta S, et al. Genome-wide profiling
reveals remarkable parallels between insertion site selection properties
of the MLV retrovirus and the piggyBac transposon in primary human
CD4(+) T cells. Mol Ther. 2016;24(3):592-606.

DOI 10.1182/blood.2021012641
© 2021 by The American Society of Hematology

TO THE EDITOR:

Antiplatelet drugs block platelet activation by VITT

patient serum
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Vaccines are an important part of the response to the SARS-
COV-2 global pandemic. Although rare, aggressive thrombotic
events at unusual sites, with accompanying thrombocytopenia
and bleeding with high mortality, have increasingly been
reported in young, healthy individuals at 4 to 30 days after vacci-
nation with the Oxford-AstraZeneca chimpanzee adenovirus-
vectored ChAdOx1 nCoV-19 (AZD1222).? This syndrome of
vaccine-induced immune thrombocytopenia and thrombosis
(VITT) clinically resembles autoimmune heparin-induced throm-
bocytopenia (HIT), in which antibodies against platelet factor 4
(PF4) bind and cross-link to the platelet surface receptor FcyRIIA
(CD32a), inducing platelet activation.”® VITT after the first
AZD1222 vaccination has a reported incidence of between 1 in
25000 and 1 in 100000.%%°

In this study, we investigated the effect of serum from patients
with VITT on platelet activation monitored by light transmission
aggregometry (LTA), assessing the ability of clinically available
antiplatelet drugs and kinase inhibitors to prevent platelet aggre-
gation in vitro. Blood collection from patients, healthy individuals
after AZD1222 vaccination, and nonvaccinated healthy donors
were authorized under research ethics approvals 15/NW/0079
and 20/HRA/1817 and Birmingham University Internal Ethical
Review approval ERN_11-0175, respectively. Experimental pro-
cedures are detailed in the supplemental Information (available
on the Blood Web site).

Patients (or their next of kin in the case of those patients who
lacked capacity) gave informed consent for collection of their
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blood in line with ethical principles laid out in the Declaration of
Helsinki.

The presentations of 7 patients with VITT are summarized in
Table 1. All patients were Caucasian and under the age of 50
with no previous symptomatic COVID-19. Patients presented
with thrombosis (6 patients with cerebral venous sinus thrombo-
sis [CVST] and 1 patient with ischemic stroke) and thrombocyto-
penia 9 to 14 days after the first AZD1222 vaccination. Clinical
investigation at the time of presentation revealed all patients
had thrombocytopenia (range, 7-113 x 107 platelets per L), with
massively elevated D-dimer (range, 6574-62 342 ng/mL) and low
fibrinogen (range, <0.35-2.36 g/L) levels. Despite no prior hepa-
rin exposure, HIT screening (anti-PF4 IgG Immucor enzyme-
linked immunosorbent assay) showed strong reactivity in all
patients. Heparin-induced platelet activation (HIPA) assays in the
4 patients tested showed activation in response to patient serum
that was reduced by low heparin concentrations and blocked by
high ones. Similar findings are reported in other patients with
VITT."2 All patients received IVlg and the steroid dexametha-
sone, as recommended by VITT treatment guidelines,® and 2
patients received plasma exchange. Platelet counts improved
over 1 to 4 days in all patients except 1 who died 24 hours after
presentation. At the time of this writing, 3 patients had recov-
ered and been discharged from the hospital with ongoing nor-
mal platelet counts, 1 patient remained in hospital, and 2
patients had died because of the sequelae of CVST and second-
ary intracerebral hemorrhage. In addition, 1 discharged patient,
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