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Abstract
Background  Immunotherapy, such as chimeric antigen receptor T (CAR-T) cells targeting CD33 or CD123, has been well 
developed over the past decade for the treatment of acute myeloid leukemia (AML). However, the inability to sustain tumor-
free survival and the possibility of relapse due to antigen loss have raised concerns. A dual targeting of CD33 and CD123 
is needed for better outcomes.
Methods  Based on our previously constructed CD33 and CD123 monovalent CAR-T, Loop33 × 123 and Loop123 × 33 
CAR-T were constructed with molecular cloning techniques. All CAR-T cells were generated by lentivirus transduction of 
T cells from healthy donors. Phenotype detection was evaluated on day 7 concerning activation, exhaustion, and subtype 
proportions. Coculture killing assays were conducted using various AML cell lines and primary AML cells. Degranulation 
and cytokine secretion levels were detected by flow cytometry. Cell-derived xenograft models were established using wild-
type Molm 13 cell lines, or a mixture of Molm 13-KO33 and Molm 13-KO123 cells as an ideal model of immune escape. 
By monitoring body weight and survival of tumor-bearing mice, Loop33 × 123 and Loop123 × 33 CAR-T cells were further 
assessed for their efficacy in vivo.
Results  In vitro study, our results demonstrated that Loop33 × 123 CAR-T cells could efficiently eliminate AML cell lines 
and primary AML cells with elevated degranulation and cytokine secretion levels. Compared with our previously constructed 
monovalent CD33 or CD123 CAR-T cells, Loop33 × 123 CAR-T cells showed superior advantages in an immune escape 
model. In vivo studies further confirmed that Loop33 × 123 CAR-T cells could effectively prolong the survival of mice with-
out significant toxicity. However, Loop123 × 33 CAR-T cells failed to show the same effects. Furthermore, Loop33 × 123 
CAR-T cells efficiently circumvented potential immune escape, a challenge where monovalent CAR-T cells failed.
Conclusions  Loop33 × 123 CAR-T targeting CD33 and CD123 could efficiently eliminate AML cells and prolong survival 
of tumor-bearing mice, while addressing the issue of immune escape.
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Introduction

Acute myeloid leukemia (AML) stands as the most prevalent 
form of leukemia among adults, with approximately 20,380 
new cases diagnosed and 11,310 deaths reported in the USA 
in 2023 [1]. Despite notable advancements in conventional 
AML therapies such as cytarabine and anthracycline, as well 
as mutation-specific targeted therapies like FLT3, IDH1, 
IDH2, and RAS inhibitors, their curative efficacy remains 
below approximately 50% [2].

Chimeric antigen receptor T (CAR-T) cells, compris-
ing synthetic polypeptides with extracellular, hinge, trans-
membrane, and co-stimulatory domains, have emerged as 
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promising therapeutic methods for hematological malignan-
cies [3]. CAR-T cells targeting CD19 have demonstrated 
exciting antitumor effects in B cell malignancies over the 

past decade [4], but its application in AML has been rela-
tively limited due to the lack of a universal target antigen [5].
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CD33 is a transmembrane sialic acid-binding immuno-
globulin-type lectin (SIGLEC) receptor expressed on the 
surface of AML blasts, mature myeloid cells and hemat-
opoietic progenitor cells [6, 7]. In addition, it was implied 
that CD33-directed therapy could potentially eradicate 
malignant stem or progenitor cells [8, 9]. However, with 
limited clinical outcomes, patients treated with gentu-
zumab ozogamicin (GO) or CD33 CAR-T alone relapsed 
with CD33− or CD33+ AML [10–12], implying that an 
additional target antigen could help eliminate leukemic 
cells.

Besides CD33, CD123 serves as an ideal target. It is a 
glycoprotein of the α subunit of the interleukin-3 recep-
tor (IL-3αA) and is expressed on AML blasts with asso-
ciation with high risks [13–15]. More importantly, it is 
highly expressed on CD34+CD38− leukemic stem cells 
(LSCs) and is absent from or minimally expressed on nor-
mal hematopoietic stem cells (HSCs) [16, 17]. A sophis-
ticated study had revealed that the simultaneous presence 
of both antigens was observed in 69.5% of AML patients, 
but still 9.4% of AML patients expressed CD123 with-
out concomitant CD33 expression [18]. While individual 
immunotherapy targeting CD33 or CD123 alone has been 
carefully validated in certain preclinical and clinical stud-
ies [19–23], the potential of antigen loss has also been 
noted [24, 25], necessitating further exploitation into a 
dual targeting strategy.

Common dual targeting strategies concerning CAR-T cell 
therapy include sequential infusion of different CAR-T cells 
[26, 27], tandem CAR-T [28, 29], compound CAR-T [30, 
31], and loop CAR-T [32]. In addition, a delicate study had 
confirmed that loop CAR-T demonstrated stronger killing 
effects and longer persistence in vivo than tandem CAR-T 
[32].

In this study, we demonstrated a novel strategy of CAR-T 
cells targeting both CD33 and CD123 by using a loop con-
struct. We compared them with the previously constructed 
monovalent CD33 CAR-T [33] and CD123 CAR-T [31, 33] 
and demonstrated that loop CAR-T cells could effectively 
eradicate tumor cells in an immune escape system both 
in vitro and in vivo.

Results

Construction of Loop33 × 123 and Loop123 × 33 CAR​
‑T cells targeting both CD33 and CD123

We utilized the anti-CD33 single chain variable fragment 
(scFv) and anti-CD123 scFv to generate the antigen bind-
ing site of the bispecific chimeric antigen receptors (CARs), 
incorporating the CD8 hinge and transmembrane domain, 
as well as the 4-1BB co-stimulatory domain. Altering the 
light and heavy chains of the scFv for optimization, they 
were termed Loop33 × 123 CAR-T and Loop123 × 33 CAR-
T, respectively (Fig. 1a). All CAR-T cells were produced 
by transduction of primary peripheral blood T cells from 
healthy donors with lentivirus. Vector-transduced cells 
(Vector-T) without extracellular antigen-binding domains 
were served as controls. All CAR-T cells demonstrated 
steady and persistent expression of CARs throughout the 
in vitro culture, and their infection efficiency was assessed 
on day 7. Besides Fab expression, the bispecific Loop 
CAR-T cells could recognize both CD33 and CD123 flores-
cent proteins, whereas monovalent CAR-T cells could only 
bind either of proteins (Fig. 1b, c). Loop33 × 123 CAR-T 
and Loop123 × 33 CAR-T cells showed a relatively lower 
CAR expression [(34.05 ± 12.18)% and (26.62 ± 15.19)%, 
respectively, p < 0.001] on day 7 possibly due to larger 
recognition domains than those of monovalent CAR-T 
cells [(58.48 ± 9.17)% and (49.65 ± 22.90)%, respectively, 
p < 0.001].

To determine whether different constructs could affect 
the phenotypes of CAR-T cells, we analyzed cell surface 
markers related to activation, exhaustion, and subtypes on 
day 7 of culture. All CAR-T cells expressed relatively similar 
levels of CD69, CD25, PD-1, Tim-3, and LAG-3, indicat-
ing that Loop CAR-T cells were activated to the same level 
as monovalent CAR-T cells without showing higher mark-
ers of exhaustion (Fig. 1d–h). In the subtype analysis, the 
memory markers CD45RA and CCR7 were detected, and 
CAR-T cells were subsequently categorized into four groups: 
stem cell memory cells (TSCM), central memory cells (TCM), 
effector memory cells (TEM), and terminally differentiated 
effector cells (TEMRA). While the CD4+/CD8+ ratio remained 
unchanged across all groups (Fig. 1i), it was noteworthy 
that Loop33 × 123 and Loop123 × 33 CAR-T cells had a 
higher proportions of CD4+ TSCM cells [(27.64 ± 8.49)% 
and (28.01 ± 10.27)%, respectively, p < 0.05] and CD8+ 
TSCM [(33.25 ± 19.23)% and (33.93 ± 20.44)%, respectively, 
p < 0.05], and lower proportions of TEMRA cells compared 
to that of Vector-T and monovalent CAR-T cells (Fig. 1j, k). 
This phenotypic distribution is widely speculated to contrib-
ute to reduced exhaustion and increased potency in prolifera-
tion and function.

Fig. 1   Construction of Loop33 × 123 and Loop123 × 33 CAR-T cells 
targeting both CD33 and CD123 a Schematic display of CD33 CAR-
T, CD123 CAR-T, Loop33 × 123 CAR-T, and Loop123 × 33 CAR-T. 
b Representative flow cytometry diagram showed that Loop CAR-T 
could recognize CD33 and CD123 proteins. c Flow cytometry detec-
tion of CAR expression on day 7. d, e Flow cytometry detection of 
activation markers CD69 and CD25 on day 7. F–h Flow cytometry 
detection of exhaustion markers PD-1, Tim-3, and LAG-3 on day 7. 
i Flow cytometry detection pf CD4+/CD8+ ratio on day 7. j, k Flow 
cytometry detection of stem cell memory cells (TSCM), central mem-
ory cells (TCM), effector memory cells (TEM), and terminal differen-
tiation effector cells (TEMRA) in CD4+ and CD8+ cells, respectively. *, 
p < 0.05; **, p < 0.01; ns, no significance

◂
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Loop CAR​‑T efficiently eliminated AML cell lines 
than monovalent CAR​‑T

While the wild-type AML cell line Molm 13 (Molm 13-WT) 
was simultaneously positive for CD33 and CD123, we used 
CRISPR-Cas9 technology to knock out both markers to 
establish the Molm13-KO33&123 as a negative control 
(Fig. 2a). The expression of CARs was adjusted to 30% 
with untransduced T cells before coculture on day 7. After 
coculturing Vector-T or CAR-T cells with Molm 13-WT or 
Molm 13-KO33&123, residual cells were determined by 
flow cytometry (FCM) at indicated time points, including 
CD3+ T cells, CD3− CD33+ Molm 13-WT, and CD3− Molm 
13-KO33&123. Significant lysis of the tumor cells by Loop 
CAR-T cells was observed even at a low effector-to-target 
(E:T) ratio of 1:8 at 48 h, and Loop CAR-T cells prolifer-
ated robustly compared to that of Vector-T cells (Fig. 2b–d). 
In contrast, Loop CAR-T cells did not exhibit nonspecific 
cytotoxicity toward Molm13-KO33&123 cells (Fig. 2e–g). 
The expression of CD107a on the surface of T cells, which 
served as a marker of degranulation and early activation, 
was detected 6 h after coculturing at a 1:1 E:T ratio. Nota-
bly, Loop33 × 123 CAR-T cells demonstrated significantly 
higher expression of CD107a [(40.45 ± 12.35)%, p < 0.001], 
indicating a more intense degranulation effect at early stages 
(Fig. 2h). In contrast, no significant increase in CD107a 
expression was observed when Loop33 × 123 CAR-T cells 
cocultured with Molm13-KO33&123, validating their safety 
in the absence of corresponding antigens (Fig. 2i).

Supernatants were collected after 24 h of coculturing, 
and cytokines were detected by cytometric bead array 
(CBA). Vector-T cells and all CAR-T cells did not show 
differences in interleukin-6 (IL-6) secretion. CD33 CAR-T 
cells significantly secreted more interleukin-2 (IL-2) than 
that of Loop33 × 123 CAR-T cells [(902.1 ± 162.0) pg/ml vs. 
(298.1 ± 76.4) pg/ml, p < 0.001], whereas the latter secreted 
more tumor necrosis factor α (TNF-α) and interferon γ (IFN-
γ), though not statistically significant (Fig. 2j).

To further validate the efficiency of Loop CAR-T cells, we 
performed experiments with another AML cell line MV4-11 
cells, which were also simultaneously positive for CD33 and 
CD123 (Supplementary Fig. S1a). Similarly, Loop CAR-T 

cells demonstrated strong and persistent cytotoxicity toward 
tumor cells, elevated degranulation, and cytokine secretion 
ability (Supplementary Fig. 1b–h).

Our in vitro killing assays revealed that Loop33 × 123 
CAR-T and Loop123 × 33 CAR-T could significantly target 
AML cell lines with minimal off-target effects and decreased 
IL-2 secretion compared to that of monovalent CAR-T cells.

Loop CAR​‑T cells could effectively eliminate patients’ 
primary AML cells in vitro

Primary bone marrow mononuclear cells (BMMNCs) were 
randomly collected from six AML patients for further inves-
tigation and evaluation of Loop CAR-T cells, and the sur-
face expression of CD33 and CD123 was detected before the 
coculture (Fig. 3a, b, Table 1). At 48 h, all CAR-T cells could 
efficiently eradicate primary tumor cells compared to Vector-
T cells (p < 0.05), though tumor lysis efficiency varied vastly 
within each group due to patient’s heterogeneity (Fig. 3c). 
Loop CAR-T cells showed elevated levels of CD107a and 
cytokine secretion (p < 0.001), whereas no significant differ-
ences were observed within four CAR-T groups (Fig. 3d, e). 
CD123 CAR-T demonstrated a slightly higher IL-2 secre-
tion than that of CD33 CAR-T [(2727.4 ± 703.1) pg/ml vs 
(1676.2 ± 524.2) pg/ml, p = 0.107].

To provide deeper validity and broader applicability of 
this study, we screened samples from newly diagnosed M1, 
M3, and M4 AML subtypes with high expression of CD123 
and CD33 (Supplementary Fig. 2a, Supplementary Table 1). 
While Vector-T showed minimal cytotoxicity toward pri-
mary cells, all CAR-T showed comparable elimination of 
tumor cells, elevated degranulation, and abundant cytokine 
secretion.

Loop33 × 123 CAR​‑T cells could significantly prolong 
survival in tumor bearing mice

To evaluate Loop CAR-T cells in vivo, we established a 
cell derived xenograft (CDX) mouse model with Molm 
13-WT cells transduced with luciferase. The NOD.
CB17-PrkdcscidIl2rgtm1Bcgen/Bcgen (B-NDG) mice were 
injected with 1 × 106 Molm 13-WT cells through the tail 
vein on day − 3, and were randomly grouped by weight 
and total bioluminescence signal intensity on day 0. On 
day 1, 5 × 106 Vector-T or CAR-T cells were intrave-
nously injected (Fig. 4a). Body weight and biolumines-
cence intensity were monitored weekly. Weight loss was 
not observed in all CAR-T groups, compared to drastic 
weight loss in mice treated with Vector-T cells (Fig. 4c). 
This strongly indicated that tumor-bearing mice treated 
with CAR-T cells showed rapid disease control and did 
not undergo life-threatening side effects. The body weight 
of the mice treated with Vector-T cells was significantly 

Fig. 2   Loop CAR-T efficiently eliminated AML cell lines than 
monovalent CAR-T a FCM shows CD33 and CD123 expression of 
Molm 13-WT and Molm 13-KO33&123. b–g Residual target cells 
and CAR-T cells at 24 and 48 h after Vector-T or CAR-T cells were 
cocultured with Molm 13-WT cells or Molm 13-KO33&123 at vari-
ous E:T ratios. h, i Degranulation of Vector-T or CAR-T cells defined 
as CD107a+ cells after coculturing with Molm 13-WT cells or Molm 
13-KO33&123 for 6 h. j IL-2, IL-6, TNF-α, and IFN-γ secretion of 
Vector-T or CAR-T cells after coculturing with Molm 13-WT cells for 
24 h. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, no 
significance

◂
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decreased on day 14 due to the rapid progression of the 
disease, confirmed by a significant increase in biolumi-
nescence signal intensity compared to mice treated with 
CAR-T cells (Fig. 4b, d).

Although CAR-T cells successfully prolonged the sur-
vival of all mice, significant differences in bioluminescence 

signal intensity and survival time were observed among 
four groups. On day 21, mice treated with CD123 CAR-T 
and Loop123 × 33 CAR-T cells had significantly higher 
levels of tumor burden, as evidenced by widespread tumor 
cells in organs and higher bioluminescence signal intensity 
(Fig. 4b, d). The median survival time for these two groups 

Fig. 3   Loop CAR-T cells could effectively eliminate patients’ pri-
mary AML cells in vitro a FCM shows CD33 and CD123 expression 
of six AML patients primary cells. b Summary plot of CD33 and 
CD123 expression of primary cells. c Percentage of residual target 
cells at 48 h after coculturing at E:T ratio of 1:1. d Degranulation of 

Vector-T or CAR-T cells after coculturing with primary cells. e IL-2, 
IL-6, TNF-α, and IFN-γ secretion of Vector-T or CAR-T cells after 
coculturing with primary cells for 24 h. *, p < 0.05; **, p < 0.01; ***, 
p < 0.001; ****, p < 0.0001; ns, no significance
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was 19.5 and 24 days, respectively, which was significantly 
longer than that of the Vector-T group of merely 14 days 
(p < 0.001). In sharp contrast, mice treated with CD33 CAR-T 
and Loop33 × 123 CAR-T cells demonstrated restrained tumor 
spreading and significantly lower bioluminescence signal 
intensity on day 21. The median survival of the CD33 CAR-T 
and Loop33 × 123 groups was 39 and 47.5 days, respectively, 
which was significantly longer than those treated with CD123 
CAR-T and Loop123 × 33 CAR-T cells (p < 0.01) (Fig. 4e).

We collected blood serum from all mice in the four treat-
ment groups on day 15 for cytokine detection and tried to 
explore the possible mechanisms behind the early loss of 
control in the CD123 CAR-T and Loop123 × 33 CAR-T 
groups. However, minimal differences were observed in vital 
cytokine levels, including IL-2, IL-6, TNF-α, and IFN-γ 
(Fig. 4f). A slight increase in IFN-γ in the CD33 CAR-T 
group [(100.3 ± 49.5) pg/ml, p < 0.05] and Loop123 × 33 
CAR-T group [(101.4 ± 117.9) pg/ml, p < 0.05] was observed 
compared to that of the Loop33 × 123 group, which was 
not considered to be the dominant reason for the failure of 
Loop123 × 33 to control tumor progression in this model.

Overall, the in vivo results indicated that Loop33 × 123 
CAR-T cells could significantly prolong survival in tumor-
bearing mice without noticeable side effects. However, 
Loop123 × 33 failed to show similar efficacy.

Loop33 × 123 CAR​‑T cells were efficient to avoid 
immune escape in vitro and in vivo

To simulate possible antigen loss in cells co-express-
ing CD33 and CD123, we knocked out CD33 or CD123 
in Molm 13-WT cells to establish Molm 13-KO33 and 
Molm 13-KO123 (Fig.  5a). After coculturing, residual 
cells were determined by FCM, including CD3+ T cells, 
CD3− CD33− CD123+ Molm 13-KO33, and CD3− CD33+ 
CD123− Molm 13-KO123.

CAR-T cells were cocultured with Molm 13-KO33 or 
Molm 13-KO123, respectively, at indicated E:T ratios. 
Tumor cells were not eliminated at 24 h but were drastically 
eradicated at 48 h. As expected, CD33 CAR-T cells failed 
to target Molm 13-KO33 cells (p < 0.01), as CD123 CAR-T 
cells failed to target Molm 13-KO123 cells (p < 0.001). Sig-
nificant differences in the proliferation of Vector-T cells and 

CAR-T cells were not observed at 48 h, though CD33 CAR-T 
and CD123 CAR-T cells showed minimal proliferation when 
cocultured with targets without corresponding antigens, 
indicating that monovalent CAR-T cells were less efficient 
when tumor cells progress with antigen loss (Fig. 5b–g).

We then mixed Molm 13-KO33 and Molm 13-KO123 
cells in a 1:1 ratio to serve as target cells. All CAR-T cells 
induced significant and substantial cytotoxicity against the 
tumor cells compared to that of Vector-T cells (p < 0.05) 
(Fig. 5h). However, there was a notable difference in the pro-
portion of Molm 13-KO33 and Molm 13-KO123 within the 
residual tumor cells (Fig. 5i, j). CD33 CAR-T cells induced 
specific cytotoxicity against Molm 13-KO123, while spar-
ing almost all Molm 13-KO33 cells within the system. Both 
Loop33 × 123 and Loop123 × 33 CAR-T cells, in sharp con-
trast, exhibited significant cytotoxicity toward either group 
of tumor cells without any biased effects. To our surprise, 
CD123 CAR-T cells also showed unbiased cytotoxicity, 
eliminating Molm 13-KO33 and Molm 13-KO123 cells 
equally. One possible reason for this phenomenon could 
be antigen spreading. Therefore, we cocultured CD123 
CAR-T or Vector-T cells with Molm 13-KO33 (Supple-
mentary Fig. 3a). After 24 h, we found that CD123 CAR-T 
eradicated Molm 13-KO33 cells (Supplementary Fig. 3b). 
We then sorted out CD123 CAR-T or Vector-T cells in this 
system and cocultured them with Molm 13-KO123 cells, 
respectively. Surprisingly, CD123 CAR-T showed cytotox-
icity toward Molm 13-KO123 cells after coculturing with 
Molm 13-KO33 cells (Supplementary Fig. 3c).

We then assessed degranulation levels and cytokine 
secretion in all groups (Fig.  5 k, l). CD33 CAR-T and 
CD123 CAR-T cells failed to degranulate when challenged 
with cells lacking the corresponding antigens. In contrast, 
Loop33 × 123 CAR-T cells demonstrated the highest degran-
ulation levels and cytokine secretion when cocultured with 
either type of tumor cells, indicating that Loop33 × 123 
CAR-T cells could be robustly activated even when CD33 or 
CD123 was missing, and could function better than monova-
lent CAR-T cells. In addition, all CAR-T cells induced more 
cytokine secretion compared to that of Vector-T cells against 
the mixture of Molm 13-KO33 and Molm 13-KO123, espe-
cially in IFN-γ (Fig. 5l).

Table 1   Patient information Patient ID Disease Sample Type CD33 expression CD123 expression

P1 AML M5 BM 86.04% 59.54%
P2 AML M5 BM 94.86% 71.26%
P3 AML M2 BM 70.79% 41.87%
P4 AML M5 BM 97.47% 47.97%
P5 AML M5 BM 78.68% 84.78%
P6 AML M2b BM 81.09% 41.09%
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Fig. 4   Loop33 × 123 CAR-T cells could significantly prolong sur-
vival in tumor bearing NSG mice a The experimental regimen of the 
B-NDG-CDX model. b Bioluminescence imaging showing tumor 
burden over time (n = 6). c The body weight of each group was meas-
ured after treatment with Vector-T or CAR-T cells. d Statistical analy-

sis of the bioluminescence intensity. e Kaplan–Meier survival curves 
for each group. (f) Cytokine levels of mice blood serum of each group 
on day 15. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; 
ns, no significance
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We further explored the potency of Loop CAR-T against 
this immune evasion model in vivo. The B-NDG mice were 
injected with 0.5 × 106 Molm 13-KO33 cells and 0.5 × 106 
Molm 13-KO123 cells through the tail vein on day  − 3 and 
then were randomly grouped by weight and total biolumi-
nescence signal intensity on day 0. On day 1, 5 × 106 Vec-
tor-T or CAR-T cells were intravenously injected (Fig. 6a). 
Body weight and bioluminescence intensity were monitored 
weekly (Fig. 6b). The Loop33 × 123 CAR-T group did not 
undergo noticeable weight loss for the first two weeks, 
whereas mice in all other groups showed considerable 
weight loss, possibly due to disease progression (Fig. 6c).

While mice treated with Vector-T cells had a poor median 
survival of 13 days, mice treated with CD33 CAR-T cells, 
CD123 CAR-T, or Loop123 × 33 CAR-T cells showed only 
a slight prolongation of survival to 15 days. In contrast, 
the Loop33 × 123 CAR-T group had a profound survival of 
51.5 days (p < 0.001) (Fig. 6d). Although bioluminescence 
signal intensity suggested that the other three treatment 
groups had lower tumor burdens on day 14 than that of the 
Vector-T group, these mice failed to show disease control 
and died in the following week (Fig. 6e).

In conclusion, Loop33 × 123 CAR-T cells demonstrated 
strong efficiency in preventing immune evasion and escape 
in our model, whereas other CAR-T cells failed.

Discussion

CD33 was reported to be positive in blasts in more than 85% 
of AML patients [34]. It was reported that targeting CD33 
seemed to be harmless to normal hematopoietic stem cells 
[35], making it an ideal target for AML treatment. The anti-
CD33 antibody–drug compound (ADC) gemtuzumab ozo-
gamicin (GO; Mylotarg) demonstrated a beneficial outcome 
and a great example of targeting CD33 [36, 37]. CD123 
was another well-studied target. In a recent clinical trial, 
IMGN632, another ADC targeting CD123 was evaluated 
for its efficacy [38]. Beside ADC, bispecific antibodies were 
also a promising way to activate host T cells for tumor elimi-
nation [35, 39]. In this study, we sought for a strategy for 
complete elimination of tumor blasts with bispecific CAR-T 
therapy.

While CAR-T cell therapy targeting CD33 or CD123 
demonstrated considerable efficacy against AML in the past 
decade [40–42], several setbacks such as limited cytotoxic-
ity or immune escape were observed. It was reported that 
patients could relapse with CD33+ AML after receiving suf-
ficient amount of GO [43]. In addition, a patient received 
CD33 CAR-T in a clinical trial subsequently died with 
consistent detectable CD33+ tumor cells in blood and bone 
marrow [44]. In order to address these existing issues, we 

chose to design a bispecific CAR-T that could simultane-
ously target CD33 and CD123.

Our recent work showed that a compound CD33 × CD123 
CAR-T therapy was efficient both in vitro and in vivo with 
minimal side effects [31]. In addition, our previous work 
demonstrated efficient eradication of tumor cells by CAR-T 
cells with a loop construct or a tandem construct [32]. In 
this specific scenario, we found out that tandem33 × 123 or 
tandem123 × 33 showed lower cytotoxicity and unsatisfy-
ing CAR expression (data not shown). To achieve higher 
infection efficiency and better expression of the CAR mol-
ecules, we further developed Loop CAR-T cells and exam-
ined their efficacy, including their phenotypes, cytotoxic-
ity, and cytokine secretion ability. As the results showed, 
Loop33 × 123 CAR-T could efficiently target CD33 and 
CD123 simultaneously both in vitro and in vivo without 
notable side effects, and it was significantly efficient against 
possible antigen loss compared to monovalent CAR-T.

It was implied that CAR-T cells without antigen stimu-
lation predominantly exhibit a TCM phenotype [45]. How-
ever, in our study, TEMRA cells turned out to be the dominant 
population in both CD4+ and CD8+ subsets on day 7 before 
coculture. It might be attributed to several reasons, such as 
tonic signaling, specific scFv construct, or over-stimulation 
of CD3/CD28 beads. We tried to separate the beads at differ-
ent times during the culture, but we did not find significant 
or profound changes regarding their differentiation. We are 
currently investigating this phenomenon further to better 
understand the underlying mechanisms.

When cocultured with Molm 13-WT cells, CD33 
CAR-T cells secreted astonishing amount of IL-2, whereas 
Loop33 × 123 CAR-T cells had lower levels of secretion, 
but the proportion of residual target cells and CAR-T cell 
proliferation did not reveal significant differences between 
two groups. In addition, there were no variations concern-
ing IL-6 secretion or other vital cytokines. Taken together, 
we showed that Loop33 × 123 CAR-T cells could effectively 
eliminate tumor cells while reducing IL-2 secretion. Ele-
vated IL-2 secretion could be a strong indicator of T cell 
activation and proliferation [46], but excessive amount of 
cytokine could also trigger cytokine signaling cascade into 
cytokine release syndrome (CRS) [47]. In a recent clinical 
trial with CAR-T cells targeting CD33, [48] CRS occurred 
in 8 out of 9 patients (3 grade I, 3 grade II, and 2 grade III), 
which reminded us to be more cautious of cytokine secre-
tion. We could not observe the same process in immuno-
deficient murine models; however, it was still an intriguing 
phenomenon that cytokine secretion ability might not be 
constantly correlated with cytotoxicity of CAR-T cells.

We speculated that both Loop33 × 123 and Loop123 × 33 
CAR-T cells could significantly prolong mice survival, 
according to their relatively equivalent performances 
in vitro, but it was to our surprise that Loop123 × 33 CAR-T 
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cells failed to show similar efficacy in vivo. Due to similar 
phenotypes and in vitro killing functions of Loop33 × 123 
and Loop123 × 33 CAR-T cells, it might require in-depth 

sequencing to explore the underneath mechanism. In addi-
tion, we assumed that the different conformation of antigen 
recognition domains of these two CARs could change their 
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recognition ability, thus impacting the formation of immune 
synapse. To this point, we used computational programs to 
simulate the interaction between the scFv and the antigen. 
However, no significant differences were found. We are 
currently investigating into the immune synapse for better 
understanding of this phenomenon.

In the immune evasive models, we subjected CAR-T 
cells to Molm 13-KO33, Molm 13-KO123, or a mixture of 
both cell lines. While monovalent CAR-T failed to induce 
cytotoxicity, Loop CAR-T demonstrated reliable outcomes. 
However, CD123 CAR-T showed similar unbiased cyto-
toxicity in the mixture system, where both of tumor cell 
lines were equally eliminated, raising concerns about its 
off-target side effects. One possible reason for this phe-
nomenon could be antigen spreading, which is a phenom-
enon in immunology where the immune response expands 
beyond the original target antigen to recognize and attack 
additional antigens [49]. In order to test this hypothesis, 
we cocultured CD123 CAR-T with Molm 13-KO33 first, 
and after 24 h, we sorted out CAR-T cells and coculture 
them with Molm 13-KO123. Surprisingly, CD123 CAR-T 
showed cytotoxicity toward Molm 13-KO123 cells, which 
was not observed before. In addition, we would investigate 
other possibilities in our future work, such as TCR reper-
toire and the identification of tumor antigen-specific T cell 
other than CAR-T cells.

Overall, our study demonstrated that Loop33 × 123 could 
efficiently eradicate AML cells while reducing the risks of 
antigen escape, which could be a possible dual targeting 
strategy applied to clinical practice.

Limitations

In this study, we chose to adjust CAR expression to 30% of 
all groups on day 7 instead of sorting CAR-T cells before 

coculture assays, which might cause unexpected bias in the 
following experiments. In addition, we did not thoroughly 
investigate the in vivo incapability of Loop123 × 33 CAR-T 
cells. We would keep investigating these issues in our future 
study.

Conclusion

Loop33 × 123 CAR-T targeting CD33 and CD123 could effi-
ciently eliminate AML cells and prolong survival of tumor-
bearing mice, while addressing the issue of immune escape. 
The engineered Loop33 × 123 CAR-T cells were a promising 
strategy to enhance the therapeutic intervention for AML.

Materials and methods

Cell lines and primary cells from AML patients

Human AML cell line Molm 13 and MV4-11 were cultured 
in RPMI-1640 medium supplemented with 10% fetal bovine 
serum (FBS). All leukemia cell lines, obtained from the 
American Type Culture Collection (ATCC), were grown at 
cell densities of 0.5–1 × 106 cells/ml and incubated at 37℃ 
with 5% CO2 and high humidity.

To generate a CD33 and/or CD123 knockout Molm 13 
cell line, the CRISPR-Cas9 technology was employed. 
Two guide RNAs were employed: 5’-ATC​CCT​GGC​
ACT​CTA​GAA​CC-3’; 5’-GAC​CAA​CTA​CAC​CGT​CCG​
AG-3’. The guide RNA was cloned into the lenti CRIS-
PRv2 plasmid (Addgene, plasmid #52,961). Molm 13 cells 
were transfected with lentivirus. CD33+ CD123− (Molm 
13-KO123), CD33− CD123+ (Molm 13-KO33), and 
CD33− CD123− (Molm 13-KO33&123) clones were sorted 
through flow cytometry (BD, FACSAria III) and subse-
quently cultured.

Bone marrow samples were obtained from primary AML 
patients who were enrolled in the Institute of Hematology 
& Blood Diseases Hospital, Chinese Academy of Medi-
cal Sciences & Peking Union Medical College (CAMS & 
PUMC), and the informed consents were signed. These 
cells were cultured in IMDM supplemented with 15% FBS, 
100 ng/ml recombinant human Fms-like tyrosine kinase 3 
ligand (rhFLT3-L, PEPROTECH, Cat.#300–19), 100 ng/ml 
recombinant human stem cell factor (rhSCF, PEPROTECH, 
Cat.#300–17), and 50 ng/ml recombinant human throm-
bopoietin (rhTPO, PEPROTECH, Cat.#300–18).

Fig. 5   Loop33 × 123 CAR-T cells were efficient to avoid immune 
escape in  vitro a FCM shows CD33 and CD123 expression on 
Molm 13-WT, Molm 13-KO33, and Molm 13-KO123. b–d Percent-
age of residual target cells and CAR-T cells at indicated time points 
after Vector-T or CAR-T cells were cocultured with Molm 13-KO33 
cells at various E:T ratios. e–g Percentage of residual target cells and 
CAR-T cells at indicated time points after Vector-T or CAR-T cells 
were cocultured with Molm 13-KO123 cells at various E:T ratios. h–j 
Percentage of total residual target cells, percentage of residual Molm 
13-KO33, and percentage of residual Molm 13-KO123 at 48 h after 
Vector-T or CAR-T cells were cocultured with a 1:1 mixture of Molm 
13-KO33 and Molm 13-KO123 cells at various E:T ratios. k Degran-
ulation of Vector-T or CAR-T cells defined as CD107a+ cells after 
coculturing with Molm 13-KO33, Molm 13-KO123, or a 1:1 mixture 
of Molm 13-KO33 and Molm 13-KO123 cells for 6 h. l IL-2, IL-6, 
TNF-α, and IFN-γ secretion of Vector-T or CAR-T cells after cocul-
turing with Molm 13-KO33, Molm 13-KO123, or a 1:1 mixture of 
Molm 13-KO33 and Molm 13-KO123 cells for 24 h. *, p < 0.05; **, 
p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, no significance

◂
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Viral constructs

Lentivirus vectors were constructed using the pCDH-
EF1α backbone. The CD33-targeted single-chain variable 

fragment (scFv) and CD123-targeted scFv were derived 
from the respective monoclonal antibody hybridoma clones 
HIM3-4/HI33a and 13C3 in our previous studies [34]. These 

Fig. 6   Loop33 × 123 CAR-T cells were efficient to avoid immune 
escape in  vivo a The experimental regimen of the B-NDG-CDX 
model. b Bioluminescence imaging showing tumor burden at indi-
cated time (n = 5). c The body weight of each group was measured 

after treatment with Vector-T or CAR-T cells. d Kaplan–Meier sur-
vival curves for each group. e Statistical analysis of the biolumi-
nescence intensity. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, 
p < 0.0001; ns, no significance
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sequences were connected with different linkers. Coding 
sequences were as follows:

Linker1:GGT​GGC​GGT​GGC​TCG​GGT​GGA​GGT​GGA​
TCT​GGT​GGT​GGC​GGT​TCG.

Linker2:GGT​GGT​GGT​GGT​TCT.
Linker3:GGA​AGT​ACA​AGC​GGT​AGC​GGA​AAA​CCC​

GGC​TCT​GGA​GAA​GGA​TCA​ACA​AAA​GGT​.
These scFv were followed with CD8 hinge and transmem-

brane domain, 4-1BB, and CD3ζ signaling domains. Lenti-
virus production was carried out using HEK293T cells. Viral 
supernatants were purified through precipitation with PEG-
8000 and NaCl. The resulting viral pellet was resuspended in 
KBM581 (Corning, USA) for human T cell infection.

Generation of car‑T cells

Human CD3+ T cells were isolated from healthy donors 
from Tianjin Blood Center using the human T Cells Enrich-
ment Cocktail (STEMCELL, USA, Cat.# 15,021) follow-
ing the manufacturer’s protocol. To generate CAR-T cells, 
T cells were activated on day 0 using CD3/CD28 Dynabeads 
(Gibco, Cat.# 11131D) and cultured in lymphocyte medium 
KBM581 (Corning, USA) supplemented with 5% FBS and 
50 IU/mL recombinant human IL-2 ( RD Systems, USA, 
Cat.# 200IL-500). On day 1, T cells were transduced with 
lentiviral supernatants. On day 7, transduction efficiency was 
determined using FCM (Agilent, NovoCyte) with PE-labeled 
CD33 protein (AcroBIOSYSTEMS, Cat.# CD3-HP2E3) and 
APC-labeled CD123 protein (AcroBIOSYSTEMS, Cat.# 
ILA-HA2H8).

T cell phenotyping

The analysis of CAR-T cell phenotypes was conducted using 
FCM, focusing on activation and proliferation markers: 
CD69 and CD25 expression. Additionally, the percentages 
of Tim3+, Lag3+, and PD-1+ cells were evaluated, along 
with the memory markers CD45RA and CCR7.

Cytotoxicity assays

CAR-T cells were incubated with tumor targets at different 
effector to target (E:T) ratios in KBM581 supplemented with 
5% FBS without rhIL-2.

Effector cells and target cells were seeded at various E:T 
ratio, specifically 1:8, 1:4, 1:2, and 1:1 in a 24-well plate. 
The percentage of residual target cells was determined using 
FCM at 24 and 48 h. Residual cells were defined as followed: 
CD3+ T cells, CD3− CD33+ Molm 13-WT, CD3− Molm 
13-KO33&123, CD3− CD33− CD123+ Molm 13-KO33, and 
CD3− CD33+ CD123− Molm 13-KO123.

Degranulation assay

CAR-T cells were incubated with target cells at an E:T ratio 
of 1:1 in a 96-well plate supplemented with 100 IU/mL 
IL-2, anti-human CD107a antibody (H4A3). After 1 h, 2 μM 
Monensin (Biolegend, USA, Cat.# 420,701) was added. 
After 6 h of co-culture, the percentage of CD107a+ T cells 
was analyzed using FCM.

Detection of cytokine release

The co-culture supernatant from the specific killing assay 
at an E:T ratio of 1:1 was collected. The concentrations of 
interleukin 2 (IL-2), interleukin 6 (IL-6), interferon-gamma 
(IFN-γ), and tumor necrosis factor-alpha (TNF-α) were 
quantified by the capture of microspheres encapsulated 
with cytokine-specific antibodies (Cellgene Biotech, China, 
Cat.#P420487) using FCM.

In vivo experiments

Six-week-old female NOD.CB17-PrkdcscidIl2rgtm1Bcgen/
Bcgen (B-NDG, BIOCYTOGEN, Cat.# 110,586) mice were 
used with the approval of the Institutional Animal Care and 
Use Committee of Peking Union Medical College. Mice 
were administered intravenous injections of 1 × 106 Molm13-
luciferase cells, engineered in our laboratory through the 
transfection of Molm 13 cells with luciferase, on day 3. 
They were randomly assigned to five groups based on their 
weights and bioluminescence intensity on day 0. On day 1, 
mice received intravenous administration of 5 × 106 Vector-T 
or CAR-T cells. Mice body weights were monitored weekly. 
For dynamic tumor burden monitoring, mice were intraperi-
toneally anesthetized with avertin, infused with D-luciferin 
(150 mg/kg body weight, Yeason, Cat.# 40902ES01), and 
subjected to weekly bioluminescence imaging using Caliper 
IVIS Lumina II (Caliper Life Sciences, USA). Overall sur-
vival time was recorded.

Statistical analysis

The statistical analysis of the data was performed using 
GraphPad Prism 8.0. Data were presented as mean ± SEM. 
A two-tailed Student’s t test was applied to compare para-
metrically distributed variables between two groups. For 
analyses involving three or more groups, a two-way ANOVA 
with Tukey’s multiple comparison test was employed. The 
Kaplan–Meier technique was used to estimate overall 
survival. Log-rank (Mantel- Cox) test was used to assess 
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differences. Statistical significance is indicated by the 
symbols: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, 
p < 0.0001; ns, no significance.
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