
increased expression of the fetal HBG
genes in cis. Similar results were
observed in primary human erythroblasts,
confirming the hypothesized role of the
HBB promoter in silencing HBG genes in
adult erythroid cells. Was the mecha-
nism through competition for the LCR
enhancer? By using high-resolution map-
ping of chromatin contacts, Topfer et al
observed strong interaction of the HBB
gene with this enhancer in HUDEP-2 cells
with the HBB promoter intact, but those
contacts were diminished upon deletion
of the HBB promoter whereas contacts
with the HBG genes increased. These
results are precisely those predicted by
the promoter competition model (see
figure panel D).

This new work provides compelling sup-
port for a simple enhancer competition
model for switches in gene expression.
However, the simplicity belies the com-
plex and dynamic structures within which
the competition occurs. One can connect
multiple elements implicated in hemo-
globin switching3–8 in a competition
model (see figure panel D), but many
questions are still unanswered. The gene
configurations diagrammed in figure
panel D are static images of interpreta-
tions of population averages in which
the underlying structures are dynamic
and allow for switching between fetal
and adult genes.10 This model also
accommodates the direct repressive
functions of BCL11A and ZBTB7A at the
HBG genes: these factors might create a
local environment that tips the balance
of competition for the LCR in favor of the
adult HBB and HBD genes. Promoter
competition might be modulated further
by architectural elements that facilitate
one configuration over another.3 The
study by Topfer et al joins many recent
articles identifying DNA elements and
transcription factors that have roles in
reactivating fetal HBG genes in adult ery-
throid cells. All of these are candidate
targets for potential therapeutic interven-
tions, which makes this an exciting time
to study hemoglobin switching.

Conflict-of-interest disclosure: The author
declares no competing financial interests. n

REFERENCES
1. Topfer SK, Feng R, Huang P, et al.

Disrupting the adult globin promoter allevi-
ates promoter competition and reactivates
fetal globin gene expression. Blood.
2022;139(14):2107-2118.

2. Kendall AG, Ojwang PJ, Schroeder WA,
Huisman TH. Hemoglobin Kenya, the
product of a gamma-beta fusion gene: stud-
ies of the family. Am J Hum Genet. 1973;
25(5):548-563.

3. Huang P, Keller CA, Giardine B, et al.
Comparative analysis of three-dimensional
chromosomal architecture identifies a novel
fetal hemoglobin regulatory element. Genes
Dev. 2017;31(16):1704-1713.

4. Xu J, Shao Z, Glass K, et al. Combinatorial
assembly of developmental stage-specific
enhancers controls gene expression pro-
grams during human erythropoiesis. Dev
Cell. 2012;23(4):796-811.

5. Li Q, Peterson KR, Fang X, Stamatoyanno-
poulos G. Locus control regions. Blood. 2002;
100(9):3077-3086.

6. Sankaran VG, Menne TF, Xu J, et al. Human
fetal hemoglobin expression is regulated by
the developmental stage-specific repressor
BCL11A. Science. 2008;322(5909):1839-
1842.

7. Martyn GE, Wienert B, Yang L, et al. Natural
regulatory mutations elevate the fetal globin
gene via disruption of BCL11A or ZBTB7A
binding. Nat Genet. 2018;50(4):498-503.

8. Shen Y, Verboon JM, Zhang Y, et al. A
unified model of human hemoglobin
switching through single-cell genome edit-
ing. Nat Commun. 2021;12(1):4991.

9. Gallarda JL, Foley KP, Yang ZY, Engel JD.
The beta-globin stage selector element fac-
tor is erythroid-specific promoter/enhancer
binding protein NF-E4. Genes Dev. 1989;
3(12A):1845-1859.

10. Bartman CR, Hsu SC, Hsiung CC, Raj A,
Blobel GA. Enhancer regulation of
transcriptional bursting parameters revealed
by forced chromatin looping. Mol Cell.
2016;62(2):237-247.

DOI 10.1182/blood.2022015642

© 2022 by The American Society of Hematology

IMMUNOBIOLOGY AND IMMUNOTHERAPY

Comment on Yoshikawa et al, page 2156

Epigenetic engineering
empowers T cells
Jayesh V. Tandel and Saar I. Gill | University of Pennsylvania

Functional decline upon repeated stimulation, or exhaustion, is the bugbear
of T-cell–based immunotherapies. Although combining chimeric antigen
receptor (CAR) T cells with immune checkpoint inhibitors is an attractive con-
cept, it is not clear that this approach can rescue already dysfunctional T cells
because deep exhaustion is epigenetically encoded1 and poorly reversible. In
this issue of Blood, Yoshikawa et al2 ablate a transcription factor that is
known to repress T-cell memory formation, leading to enhanced memory
phenotype and cytokine polyfunctionality of tumor-specific T cells.

PR domain zinc finger protein-1 (PRDM1)
encodes Blimp-1, a known repressor of
T-cell memory formation. Adoptive
immunotherapy using CAR-engineered T
cells, T-cell receptor–engineered T cells,
and tumor-infiltrating lymphocytes (TILs)
is efficacious when T cells have pro-
longed persistence,3 whereas terminal
differentiation of T cells and subsequent
loss of memory phenotype hinder robust
antitumor response.4 In this article, the
authors demonstrate a novel approach
of epigenetically reprogramming T-cell
memory state in antitumor T cells by
genetically ablating PRDM1 (Blimp-1), a
known repressor of T-cell memory.5

The transcription factor Blimp-1 is known
to drive differentiation, exhaustion, and
suppression of memory formation in T

cells by downregulating expression of
memory-related genes.5 The authors
deleted PRDM1 in CAR19 T cells using
CRISPR-Cas9 and induced progressive
dysfunction by repeated stimulation with
CD19-expressing target cells. PRDM1
deletion in CAR19 T cells resulted in
increased central memory T-cell (TCM) and
memory stem T-cell (TSCM) subsets upon
antigen restimulation compared with the
control. However, PRDM1 deletion did not
affect the proliferation of T cells. PRDM1-
deficient T cells demonstrated secretion of
multiple cytokines like interleukin-2, inter-
feron-g, and tumor necrosis factor-a. The
authors then demonstrated improved per-
sistence, a superior antitumor effect, and
increased TCM and TSCM in PRDM1-
deficient CAR19 T cells in vivo. PRDM1
deficiency resulted in elevated expression
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of memory-associated transcription factors
and surface markers, and downregulation
of effector differentiation genes correlating
with increased chromatin accessibility of
key genes involved in memory formation
(see figure). Thus, using a gene-editing
strategy, the authors succeeded in epige-
netically engineering the T-cell memory
state.

Others have recently overexpressed AP-1
family transcription factors, such as
BATF6 or c-JUN,7 to prevent the devel-
opment of T-cell exhaustion. However,
Yoshikawa and colleagues went further
here by (partially) reprogramming the
memory phenotype in already differenti-
ated T cells. They did this by deleting
PRDM1 in prestimulated CAR19 T cells
or TILs extracted from patients with gy-
necologic or lung cancers. PRDM1 defi-
ciency in prestimulated CAR19 T cells
and TILs partially restored expression of
memory markers. This reveals the impor-
tance of the timing of targeting an epi-
genetic modulator and suggests that
additional factors might be involved in
maintaining the repressed chromatin

state of certain memory genes. Notably,
elimination of PRDM1 was effective
despite the fact that it resulted in the
upregulation of the exhaustion-driving
thymocyte-selection associated high-
mobility group box (TOX)8 transcription
factor and regardless of the fact that
PRDM1-deficient T cells showed higher
expression of typical surface markers of
exhaustion.

The translational potential of this app-
roach is underscored by a recently pub-
lished experiment of nature, wherein
inadvertent biallelic disruption of an epi-
genetic modulator, TET2, in a patient
receiving CAR T cells for the treatment
of chronic lymphocytic leukemia resulted
in massive expansion of a single T cell
and durable remission.9 However, be-
cause in the current article the reprog-
ramming of prestimulated T cells into
memory T cells was partial, future work
could focus on identifying barriers to an
even more profound effect.

Manipulation of inhibitory immune
receptors and transcription factors with

roles in T-cell exhaustion are some of
the proposed strategies for generating
efficacious CAR T cells. Because the
T-cell exhaustion epigenetic program is
intricately linked with memory formation,
such strategies will likely come at the
cost of impaired long-term memory. The
work presented here suggests that engi-
neering a robust memory phenotype in
CAR T cells is a more pragmatic and effi-
cacious strategy rather than focusing on
preventing exhaustion per se.
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Several transcription factors are known to modulate effector function (blue), exhaustion (red), and memory
phenotype (light green) in T cells. Yoshikawa et al clearly establish PRDM1 as a repressor of memory function
in antitumor T cells. PRDM1 deletion resulted in upregulation of TOX and EOMES in T cells. EOMES upregu-
lation in PRDM1-deficient T cells partially explains the promotion of memory phenotype. However, upregula-
tion of TOX in PRDM1-deficient T cells further raises interesting questions regarding epigenetic programs
linking memory and exhaustion.
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