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Nanobody-derived bispecific CAR-T cell therapy
enhances the anti-tumor efficacy
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T cell lymphoma (TCL) is a highly heterogeneous group of dis-
eases with a poor prognosis and low 5-year overall survival rate.
The current therapeutic regimens have relatively low efficacy
rates. Clinical studies of single-target chimeric antigen receptor
T cell (CAR-T cell) therapy in T lymphocytes require large and
multiple infusions, increasing the risks and cost of treatment;
therefore, optimizing targeted therapy is a way to improve
overall prognosis. Despite significant advances in bispecific
CAR-T cell therapy to avoid antigen escape in treatment of B
cell lymphoma, applying this strategy to TCL requires further
investigation. Here, we constructed an alpaca nanobody (Nb)
phage library and generated high-affinity and -specificity Nbs
targeting CD30 and CD5, respectively. Based on multiple
rounds of screening, bispecific NbCD30-CD5-CAR T cells
were constructed, and their superior anti-tumor effect against
TCL was validated in vitro and in vivo. Our findings demon-
strated that Nb-derived bispecific CAR-T cells significantly
improved anti-tumor efficacy in TCL treatment compared
with single-target CAR-T cells and bispecific single chain vari-
able fragment (scFv)-derived CAR-T cells. Because Nbs are
smaller and less immunogenic, the synergistic effect of Nb-
based bispecific CAR-T cells may improve their safety and effi-
cacy in future clinical applications.

INTRODUCTION
T cell lymphoma (TCL), a heterogeneous lymphoma originating from
mature T cells, exhibits various tumor localizations, pathological fea-
tures, and clinical manifestations. TCL accounts for approximately
12% of non-Hodgkin’s lymphoma cases and is categorized into cuta-
neous TCL and peripheral TCL (PTCL). PTCL is the predominant
type and includes mesenchymal large cell lymphoma, angioblastoma,
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and peripheral non-specific TCL.1 The age-adjusted incidence of TCL
is fewer than 1/100,000 people, and fewer than 4,000 TCL cases are
diagnosed annually in the United States.2,3 Despite its low incidence,
the majority of TCLs are characterized by an aggressive disease course
and poor response to treatment. Most lymph node TCLs respond
poorly to conventional chemotherapy regimens, especially in patients
with disease progression after treatment, and the median overall sur-
vival is less than 1 year.4–7 Despite tremendous advances in the treat-
ment of hematologic malignancies, the disease is still not completely
curable, and thus there is still potential to improve treatment out-
comes. Currently, US Food and Drug Administration (FDA)-
approved salvage therapies based on histone acetylation inhibitors
only exhibit a 20%–25% efficacy rate. Monoclonal antibodies target-
ing cluster of differentiation (CD) 30 are more effective than small-
molecule drugs but have a shorter remission duration.8,9 Therefore,
novel and optimized targeted therapies for patients with TCL are still
worth exploring.10
Authors.
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The chimeric antigen receptor (CAR), a receptor synthesized by ge-
netic engineering, was proposed in the late 1980s by Gross et al.11

It redirects antigen specificity to immune cells with high affinity in
a major histocompatibility complex-independent manner. The most
commonly modified cells are T cells, and the modified CAR-T cells
are used to identify and eliminate cells expressing tumor-associated
antigens (TAAs). When a specific TAA is recognized, CAR-T cells
can activate a range of T cell effector responses, including cell prolif-
eration, cytokine release, cellular metabolic alteration, and cytotox-
icity, via phosphorylation activation signals.12 Recently, CAR-T cell
therapy has become an effective strategy for treating hematologic
malignancies.13

CD19- or CD20-targeting CAR-T cell therapy is highly effective in
patients with B-cell lymphoma, especially in those with refractory B
cell lymphoma with poor prognosis after other therapies.14,15

CAR-T cell therapy has also been used to treat TCL; however, this
strategy faces challenges regarding whether the TAA targeted by
CAR-T cells is also shared with normal T cells. Therefore, identifying
the three types of cells (tumor T, normal T, and CAR-T cells) to pre-
vent the fratricide of CAR-T cells may improve their in vivo expan-
sion and persistence. Moreover, long-term T cell dysplasia caused
by disruption of normal T cells puts patients at a serious risk of oppor-
tunistic infections.16,17 Therefore, CAR-T cell therapy for T cell ma-
lignancies requires targeting of tumor T cells while retaining normal
T cell or subpopulation functions. Most TAAs are expressed in
normal and tumor cells, which makes design of the antigen recogni-
tion domain challenging.18,19 Currently, strategies for targeting TCL
while reducing CAR-T cell fratricide include utilizing pan-T antigens
(such as CD5) that are downregulated during CAR-T cell expansion20

or targeting TAAs expressed only in a portion of normal cell sub-
groups (such as CD4, CD30, or CCR4) to prevent non-specific cyto-
toxicity of CAR-T cells.21–23 In preclinical study models, because CD5
antigens on cell membranes are internalized after ligand or antibody
binding, CAR-T cells targeting CD5 can prevent their fratricide.20,24

Additionally, CD30 is expressed in activated B and T cell subpopula-
tions, including nearly all Hodgkin’s lymphoma (HL), mesenchymal
large cell lymphoma, and PTCL subpopulations; anti-CD30 CAR-T
cells have also been evaluated in two phase I clinical trials, mainly
in patients with HL.22,23,25–27 In these studies, the number of B or
T cells did not decline, and antiviral or anti-pathogen immunity re-
mained unaffected.22 These results are consistent with those observed
in patients treated with brentuximab (an anti-CD30monoclonal anti-
body).28 In a clinical trial treating TCL,22,27 the patient required injec-
tions of anti-CD30 CAR-T cells four times at the highest dose to
achieve complete remission lasting 9 months. High-dose andmultiple
CAR-T cell administrations not only greatly increase the cost of treat-
ment but also worsen the safety risk. Therefore, although CAR-T cell
therapy against the single-target CD30 or CD5 in TCL has been
proven to be feasible, its clinical efficacy needs further improvement.

Studies on B cell lymphoma have shown that CD19-negative clones
emerge after CD19 single-target CAR-T cell administration because
of tumor antigen escape, while these CD19-negative clones still main-
tain expression of other lymphoid-like antigens (such as CD20 and
CD22) and even metastasize to bone marrow lineages.29 This has
led to development of combinatorial multitargeted immunotherapies,
such as bispecific CAR-T cells, to reduce the possibility of immune
escape and disease relapse.30 A clinical trial using anti-CD19/anti-
CD22 bispecific CAR-T cells successfully treated an adult patient
with acute lymphoblastic leukemia (ALL) with no recurrence for
more than 1 year after infusion.31 Clinical studies of anti-CD19/
anti-CD20 tandemCAR-T cells have also shown promising remission
rates and long-term anti-tumor responses against refractory/relapsed
B cell lymphoma.32 In addition, anti-CD19/anti-CD123 bispecific
CARs are more effective against B-ALL than single-target CAR.30 Bis-
pecific CAR-T cell therapy for B cell lymphoma treatment has pro-
gressed to not only avoid antigen escape but also generate synergistic
effects. However, CAR designs for dual targets in the field of TCL
treatment are still lacking.

Nanobodies (Nbs) are natural antibodies found in the peripheral
blood of camelids. Nbs contain one heavy-chain variable region
(VH), lack light chains, and are half the molecular weight (12–
15 kDa) of conventional human immunoglobulin G (IgG) anti-
bodies.33,34 Therefore, the small size, solubility, stability, and high
antibody affinity of Nbs means that these multifunctional antibodies
exhibit excellent properties and are widely used in anti-tumor therapy
and diagnosis.35–37 In recent years, Nbs have shown good potential
for treating various tumors.38 Nbs can reduce immunogenicity and
increase the release of effector cytokines compared with scFv-derived
CAR-T cells.39–41 Further, bispecific Nb-derived CAR-T cells target-
ing CD13 and TIM3 have shown significant anti-tumor function and
greatly reduced cytotoxicity in the treatment of acute myeloid leuke-
mia.42 There is already an FDA-approved CAR-T therapy, “cilta-cel,”
for multiple myeloma that uses an Nb-based design.43 Here, we at-
tempted to explore a bispecific Nb CAR-T cell that targets CD30
and CD5 to improve the efficacy against TCL.

RESULTS
Construction of a Nb immune library and screening of anti-CD30

and CD5 Nbs

Recent clinical studies have demonstrated the safety and efficacy of
CD30- or CD5-targeted CAR-T cells in CD4+ TCL treatment; howev-
er, current therapeutic regimens require a large number of modified
cells and multiple infusions, which greatly increases the risk and
cost of treatment.22,27 Application of bispecific CAR-T therapy in B
cell lymphoma has aided design and construction of bispecific CAR
moieties for simultaneously targeting CD30 and CD5; the synergistic
effect of these moieties in treatment of TCL needs to be verified.

Nbs have been widely developed because of their high binding affin-
ity and low immunogenicity; however, this strategy has not yet been
applied to TCL treatment. Therefore, we tried to develop Nbs spe-
cifically targeting CD30 and CD5 and construct an Nb-based bispe-
cific CAR-T cells with stronger anti-tumor potency. To this end, we
produced CD5 and CD30 antigens from transfected HEK293F cells.
These antigens were then purified (Figure S1A) and subsequently
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used to immunize alpacas four times. The antibody titer in the sera
reached a 105 dilution compared with that in pre-immunized sera,
which was sufficient for subsequent library construction (Figures
1A and S1B). Peripheral blood mononuclear cells were collected
to construct the Nb phage library. This phage library had a
4.32 � 108 library volume and approximately 100% clonal positivity
of insertion rate, meeting the requirements for Nb affinity screening
(Figures 1A, 1B, and S2A). Monoclonal sequencing revealed that all
variable regions of heavy-chain antibody inserts had genetically in-
dependent non-repeating amino acid sequences, which further
demonstrated that the phage library had eligible sequence diversity
(Figure S2B).

Subsequently, the phage library was used to screen for high-affinity
Nbs against CD30 and CD5.44–46 After three rounds of panning
with purified CD30 or CD5 antigens, monoclonal clones were
selected from the last panning phages, and their binding affinity to
the corresponding antigens was verified using a phage enzyme linked
immunosorbent assay (ELISA). The enrichment of phages with high
affinity to antigens was significantly improved after three rounds of
screening. Ten anti-CD30 phage clones and six anti-CD5 phage
clones were obtained (Figure 1C). In addition, the identified phage
clones were validated via target cell panning to avoid spatial site resis-
tance. To this end, themonoclonal phages were incubated with target-
ing cells, and clones with high positive fluorescence were selected,
including six CD30 clones (NbCD30-5B, NbCD30-6B, NbCD30-
7B, NbCD30-10B, NbCD30-2B, and NbCD30-4D) and five anti-
CD5 clones (NbCD5-1C NbCD5-2E, NbCD5-8B, NbCD5-10B, and
NbCD5-12D) (Figure 1D).

In vitro binding affinity of the screened Nbs

The binding affinities of the selected monoclonal Nb sequences were
evaluated. The sequences were connected to the human IgG Fc frag-
ment in an eukaryotic expression vector (scFv-Fc served as positive
control). The anti-CD30 scFv sequence was derived from the human
monoclonal antibody brentuximab, and the anti-CD5 scFv sequence
was derived from the human CD5-specific antibody H65.47 The ex-
pressed Nb-Fc was purified, and its ability to bind target antigens
was verified using ELISA; two Nbs targeting CD30 (5B and 2B) and
two Nbs targeting CD5 (1C and 2E) were selected (Figures 2A and
2B). The results were consistent with the flow cytometry results,
and the selected anti-CD30 or CD5 Nb-Fc had comparable or supe-
rior affinity to the target antigen, in contrast with the corresponding
scFv-Fc (H65 or brentuximab) (Figure 2C).

An obvious cross-reaction between anti-CD30 scFv (brentuximab)
and CD5 was observed using ELISA; however, the selected
Figure 1. Construction of the Nb phage library and screening of anti-CD30 Nbs

(A) Schematic of construction of the Nb phage library and screening of Nbs. (B) The var

two-step PCR, and the library size was measured by counting the colonies after serial d

phages from the three rounds of panning were tested for binding affinity by ELISA with C

capable of binding to cells. Karpas-299 cells were used as target cells to validate positiv

express Nbs were used as a negative control.
NbCD30-Fc had no significant cross-reactivity with CD5, and
NbCD5-Fc did not cross-react with CD30 (Figure 2C). These results
further validated the superior specificity and lower off-target risk of
the selected Nbs. Therefore, we successfully constructed an Nb phage
library and obtained several Nbs capable of targeting CD30 and CD5
with high affinity and specificity.

Construction of Nb-derived CAR-T cells

Optimal CAR moieties for use in further experiments were identified.
CD8+ T lymphocytes transduced with lentiviral vectors encoding the
selected Nb-CAR moieties were mixed with target cells expressing
CD5 and CD30 (Figure 2D). The two Nb-derived CARs against
CD5 and NbCD5-1C-CAR-T cells reached 75% specific cytotoxicity
at a 10:1 effector cell-to-target cell (E:T) ratio, while NbCD5-2E-
CAR-T cells showed a minimal difference compared with the control
group. In contrast, the two Nb-derived CARs against CD30,
NbCD30-5B-CAR-T and NbCD30-2B-CAR-T, exhibited significant
cytotoxicity against target cells at a 10:1 E:T ratio (67% and 63%,
respectively). NbCD30-5B was less efficient than NbCD30-2B at
lower E:T ratios (Figure 2D). Therefore, NbCD5-1C and NbCD30-
2B were selected as the final Nb candidates.

The molecular docking of the antigens and antibodies predicted theo-
retical binding models of either CD30 or CD5 to their corresponding
Nbs. NbCD30-Fc and NbCD5-Fc had lower DG free energies than
scFv-Fc, suggesting that the Nbs may bind more tightly to the anti-
gens (Figure 3A). Surface plasmon resonance was performed using
a BIAcore system to determine the binding affinity between the
Nbs and antigens. Purified CD30 or CD5 was immobilized on a
CM5 sensor chip (carboxymethylated dextran covalently attached
to a gold surface). The surface plasmon resonance sensorgrams also
confirmed that all four Nbs had a very strong affinity for their corre-
sponding antigens. The KD values of NbCD5-1C-Fc and CD5-scFv-
Fc to the CD5 antigen were 6.30� 10�11 and 1.17� 10�10 M, respec-
tively, and the Nbs showed a higher affinity than scFv. In contrast, the
KD value of NbCD30-2B-Fc to the CD30 antigen (4.17 � 10�11 M)
was lower than that of CD30-scFv-Fc (0.96 � 10�11 M) (Figure 3B).
The CD30-scFv antibody showed a potential off-target property ac-
cording to the ELISA results, whereas NbCD30-2B-Fc Nb did not
cross-react with CD5 and showed better specificity (Figure 2C).
Therefore, both Nbs screened using alpaca immunization exhibited
comparable or higher efficiency than scFv.

Nb-derived bispecific CD30-CD5-CAR-T cells enhance anti-

tumor capacity in vitro

A bispecific Nb by tandem linkage of NbCD5-1C and NbCD30-2B
with Fc was constructed and purified to test its affinity using
and anti-CD5 Nbs

iable domain of heavy chain of heavy-chain antibody (VHH) genes were obtained by

ilution (M, DNA marker; 1, PCR product). (C) Monoclonal phage ELISA. 24 positive

D30- and CD5-coated plates. (D) Flow cytometry screening of monoclonal phages

e monoclonal phages by flow cytometry. Negative control (NC) phages that did not
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ELISA. The bispecific NbCD30-CD5-Fc strongly bound to CD30 and
CD5 antigens, and there was no difference in its affinity compared
with that of single-specific Nb-Fc binding to the corresponding tar-
gets (Figure S3).

The binding affinities of the Nbs to corresponding antigens and
function of the derived single-targeted CAR-T cells were verified
(Figure 2D). Next, to further verify the synergistic effect of bispecific
moieties in the treatment of TCL, we used tandem connection of
two different Nbs to design the bispecific-target CAR-T cells accord-
ing to previous studies.48,49 A single or bispecific Nb-CAR designed
using tandem linkage of NbCD5-1C and NbCD30-2B with a
(GGGGS)4 flexible peptide as the connecting sequence was con-
structed. scFv-derived bispecific CD30-CD5-CAR-T cells were also
constructed to verify their enhanced efficacy. The intracellular do-
mains of CAR molecules were determined based on previous pub-
lications.50,51 The scFv or Nb sequence was followed by the human
CD8a transmembrane and intracellular domains, which included
human CD28 (nucleotides 460–660; GenBank: NM_006139.3),
CD137(nucleotides 640–765; GenBank: NM_001561.5), and CD3z
(nucleotides 160–492; GenBank: NM_198053.2) in tandem with
GGGGS sequences inserted between each signaling domain. The
CAR moiety was inserted into a lentiviral vector (Figures 4A and
4B).50 CAR expression was evaluated via western blotting
(Figures S4A and S4B). CAR-T cells were prepared after packaging
the lentivirus, and the infection rate was determined to be approx-
imately 20% after 48 h using flow cytometry (Figure S5). One of the
advantages of bispecific CAR-T cells is their ability to prevent anti-
gen escape and reduce off-target effects. To identify the function of
single- or bispecific CARs for use in further experiments, CD8+ T
lymphocytes transduced with lentiviral vectors encoding the above-
mentioned CAR moieties were mixed with Karpas-299 (CD30+

CD5+) or aji (CD30� CD5�) cells for in vitro killing assays. The
cytotoxicity of single-target anti-CD5 scFv-CAR-T cells or anti-
CD30 scFv-CAR-T cells to Karpas-299 cells at a 10:1 E:T ratio
was approximately 44% and 42%, respectively, whereas the cytotox-
icity mediated by bispecific CAR-T cells was approximately 56%,
which was more effective than single-target anti-CD30 or anti-
CD5 scFv-CAR-T cells (Figure 4C). The single-target Nb-CAR-T
cells and bispecific NbCD30-CD5-CAR-T cells displayed potent
cytotoxic activity toward Karpas-299 cells (CD30+ CD5+) at the
indicated E:T ratios in vitro (Figure 4D). The cytotoxicity of bispe-
cific NbCD30-CD5-CAR-T cells to Karpas-299 cells at a 5:1 or 2.5:1
E:T ratio was more effective than that of single-target anti-CD30
CAR-T cells (5:1 ratio, p < 0.001; 2.5:1 ratio, p < 0.001) or anti-
CD5 CAR-T cells (5:1 ratio, p < 0.01; 2.5:1 ratio, p < 0.0001) (Fig-
ure 4D). To exclude the possibility of background lysis mediated by
Figure 2. In vitro binding ability validation of the screened Nbs

(A) The biding affinity of Nb-Fc to CD30 or CD5 was measured by ELISA. (B) Three ant

indicated dilution ratios by incubation with the corresponding antigens. Fc served as nega

CD5 or CD30, respectively, by ELISA. (D) Single-target NbCD30 or NbCD5-CAR-T cells

ratios for 24 h, and the specific cytotoxicity was determined by Lactic Dehydrogenase (

data are mean ± standard error.
CD8+ T cells with a non-functional CAR moiety, CD19-CAR as a
negative control was used in in vitro CAR-T cell assays (Figure S6).
The results demonstrate that CD19-CAR-T cells do not exhibit spe-
cific targeting toward CD19� Karpas-299 cells. Moreover, the cyto-
toxicity of bispecific Nb-CAR-T cells to Karpas-299 cells was also
more effective than that of bispecific scFv-CAR-T cells (65% specific
cytotoxicity for the Nb-CAR-T cell group versus 47% for the scFv-
CAR-T cell group at a 5:1 ratio and 61% versus 42% at a 2.5:1 ratio,
respectively; Figure 4E). Moreover, the specificity of the antigen
recognition domains was verified using SupT1 cells expressing
high levels of CD30 and very low levels of CD5 to test their cyto-
toxic specificity. Single- or bispecific CAR-T cells were co-cultured
with SupT1 cells, and the results showed that anti-CD5 scFv-
CAR-T cells displayed minimal cytotoxic activity against SupT1
(CD30+ CD5�) cells, whereas single-specific anti-CD30 scFv-
CAR-T cells or bispecific anti-CD30-CD5 scFv-CAR-T cells ex-
hibited potent cytotoxicity (40%) at a 2.5:1 E:T ratio (Figure 4C).
For Nb-CAR-T cells, single-targeted NbCD5-CAR-T cells did not
exhibit cytotoxic effects, whereas bispecific NbCD30-CD5-CAR-T
cells still exhibited strong cytotoxic effects compared with the
NbCD5-CAR-T group (p < 0.0001) and achieved a killing rate of
nearly 50% at a 5:1 E:T ratio (Figure 4D). We also generated
CD5+ Raji cells by overexpressing the CD5 antigen on
CD30�CD5� Raji cells to serve as a control in the cytotoxicity assay
of CAR-T cells (Figure S7). The results demonstrated that NbCD30-
CD5-CAR-T cells and NbCD5-CAR-T cells exhibited specific tar-
geting toward CD5+CD30� target cells (CD5+ Raji cells), whereas
NbCD30-CAR-T cells showed no cytotoxic effect. Moreover, the
specificity was confirmed by the absence of cytotoxicity of bispecific
scFv or Nb-CAR-T cells after co-culture with Raji cells (CD30�

CD5�) (Figure 4E). Therefore, bispecific Nb CAR-T cells have a
specific cytotoxic function and can effectively enhance targeting
potency.

The in vitro cytokine (interferon g [IFN-g], tumor necrosis factor
alpha [TNF-a], interleukin-2 [IL-2], and granzyme B) secretion func-
tion of single- and bispecific Nb CAR-T cells was measured after co-
culture with target cells (Figure 4F). Secretion of effector cytokines,
including IFN-g, TNF-a, IL-2, and granzyme B, in the supernatants
of single- and bispecific target CAR-T cells was significantly higher
than in the mock group after co-culturing with CD30+ CD5+ Kar-
pas-299 cells (Figure 4F). The levels of these cytokines secreted by bis-
pecific NbCD30-CD5-CAR-T cells were significantly higher than
those secreted by single-target Nb CAR-T cells (Figure 4F). In addi-
tion, the function specificity was confirmed by the absence of cytokine
secretion after co-culture with CD30� CD5� Raji cells (Figure 4F).
Secretion of IFN-g was further examined using an enzyme-linked
i-CD30 Nbs and four anti-CD5 Nbs were selected, and we performed ELISA at the

tive control. (C) Detection of the binding affinity of the Nb-Fc or scFv-Fc antibodies to

were co-cultured with Karpas-299 cells (CD30+ CD5+) at different effector-to-target

LDH) assay. ****p < 0.0001 for one-way ANOVA with multiple-comparisons test. All
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Figure 3. The binding ability was predicted by molecular docking and verified by SPR experiments

(A) Molecular docking prediction model of anti-CD30/CD5 Nbs or scFv to corresponding antigens. The light blue structure indicates the antigen, the dark blue structure

indicates the antibody, the interface area (red) indicates the region of the two proteins in contact with each other, and DG indicates the free energy of binding. (B) SPR

experiments were performed to measure the binding affinity of Nb-Fc or scFv-Fc on its corresponding antigen.
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immunosorbent spot assay; IFN-g secretion by bispecific Nb CAR-T
cells was significantly higher than that of the single-target Nb CAR-T
group (Figure 4G). Therefore, the functional potency of bispecific Nb-
CAR-T cells was further validated by secretion of various cytokines.

Nb-derivedCD30 andCD5bispecificCAR-T cells enhanced anti-

tumor potency in vivo

Bispecific anti-CD30-CD5-CAR-T cell function was further vali-
dated by transferring CAR-T cells into Karpas-299 tumor-bearing
immunodeficient mice and examining their efficacy against tumor
growth (Figures 5A, 5B, and S8A). The tumor size was significantly
92 Molecular Therapy: Oncolytics Vol. 30 September 2023
inhibited in the single-target CAR-T cell groups compared with the
control group, and tumor suppression by bispecific anti-CD30-
CD5-CAR-T cells was significantly improved compared with sin-
gle-target CD30-CAR-T cells (Figures 5A–5C). These results suggest
that the enhanced anti-tumor activity of anti-CD30-CD5-CAR-T
cells in vivo may be due to the optimal binding affinity of anti-
CD30 and anti-CD5 scFv/Nbs to target antigens and avoidance of
tumor cell immune escape. Therefore, our Nb-derived CAR-T cells
have a superior capability to suppress TCL growth in vivo, and bis-
pecific NbCD30-CD5-CAR-T cells further enhance anti-tumor
potency.



Figure 4. Construction of bispecific Nb/scFv-derived CAR-T cells to verify in vitro function

(A) Schematic of CAR structure and single- or bispecific scFv-CAR. (B) Schematic of single NbCD30/NbCD5-CAR or bispecific NbCD30-CD5-CAR. (C) Single-or bispecific

scFv-CAR-T cells were co-cultured with Karpas-299 cells (CD30+ CD5+) or SupT1 cells (CD30+ CD5�) at the indicated E:T ratios for 24 h, and the specific cytotoxicity was

determined by LDH assay. The data shown are representative results of three independent replication experiments. (D) Single-or bispecific Nb-CAR-T cells were co-cultured

with Karpas-299 cells (CD30+ CD5+) or SupT1 cells (CD30+ CD5�) at different E:T ratios for 24 h, and the specific cytotoxicity was determined by LDH assay. The data shown

(legend continued on next page)
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Next, the infiltration ability of anti-CD30-CD5-CAR-T cells was as-
sessed in subcutaneous tumor tissues of the experimental mice by
flow cytometry and immunofluorescence assays. Flow cytometry re-
vealed that tumor-infiltrating T cells of the single- and bispecific Nb
CAR-T cell groups were significantly increased compared with the
mock group, and the infiltrating Nb CAR-T cells secreted higher levels
of effector cytokines, such as IFN-g, IL-2, and granzyme B (Figure 6A).
Notably, the levels of IL-2 and granzyme B secreted by bispecific
NbCD30-CD5-CAR-T cells were significantly higher than those of
single-target Nb CAR-T cells (Figure 6A). The immunofluorescence
results of tumor tissue sections also showed that the ratio and number
of tumor-infiltrating T cells in the single- and bispecific Nb-CAR-T
cell groups increased significantly compared with those in the mock
group. Consistent with the flow cytometry results, infiltrating T cells
in the NbCD30-CAR-T and NbCD30-CD5-CAR-T cell groups
secreted higher levels of IFN-g and granzyme B cytokines than those
in the mock group (Figure 6B). Bispecific scFv-CAR-T cells also ex-
hibited enhanced in vivo anti-tumor potency compared with single-
targeted scFv-CAR-T cells (Figures S8B, S8C, S9A, and S9B).

The in vivo therapeutic effect of Nb-CAR-T cells was evaluated against
TCL bymonitoring the survival of tumor-bearingmice. All mice in the
mock group died 45 days after tumor cell transplantation, while mice
treated with single-target NbCD30 or NbCD5-CAR-T cells had a
longer lifespan. Notably, bispecific NbCD30-CD5-CAR-T cells further
increased the lifespan of tumor-bearing mice by up to 90 days
compared with the single-target Nb-CAR-T group (Figure 6C). These
results demonstrate that single- and bispecific Nb-CAR-T cells can
recognize and effectively eliminate TCL in vitro and in vivo and that
bispecific Nb-CAR-T cells further increase anti-tumor potency to pro-
long the lifespan. Furthermore, NbCD30-CD5-CAR-T cells did not
induce any potential toxicity in mice (Figure S10). There was no off-
target damage to normal tissue, indicating that the treatment is safe.
Therefore, Nb-derived CD30 and CD5 bispecific CAR-T cells
enhanced anti-tumor potency in vivo.Moreover, the synergistic effect
of the bispecific CAR-T cell strategy for TCL treatment was validated.

DISCUSSION
In this study, we successfully identified and optimized Nbs against
CD5 and CD30 with superior affinity and specificity. We constructed
Nb-based CAR-T cells and evaluated their efficiency in treating TCL
using a series of in vitro and in vivo experiments. The superior affinity
and specificity of Nbs were confirmed, and the synergistic anti-tumor
efficacy of Nb-derived bispecific CAR-T cells for treatment of TCL
was verified. TCL is a group of heterogeneous lymphomas caused
by mature T cells with a low incidence.2,3 However, the overall
5-year survival rate is low because of its aggressive progression, lead-
are representative results of three independent replication experiments. (E) Bispecific

CD5+) or Raji cells (CD30� CD5�) at different E:T ratios for 24 h, and the specific cytoto

(untransduced T cells) were incubated with tumor target cells (Karpas-299) for 24 h. The

by ELISA. (G) CAR-T cells or control T cells were incubated with tumor target cells (Karpa

data are representative of three independent replication experiments. All data are mea

ANOVA.
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ing to poor treatment response and prognosis. In the past 10 years, the
FDA has approved pralatrexate,52 romidepsin,53 bentuximab vedo-
tin,54 and belinostat55 for treatment of patients with relapsed/refrac-
tory lymphoid node TCL. Although these drugs improve the selection
of treatment regimens, drug response rates are typically lower than
30%, and the duration of response is limited. Novel targeted therapeu-
tic strategies for patients with TCL have been widely explored,
including histone deacetylase inhibitors, monoclonal antibodies,
CAR-T cells, phosphatidylinositol 3-kinase inhibitors, and mesen-
chymal lymphoma kinase inhibitors.10 These targeted therapies
have prolonged the lifespan of patients with TCL. However, the clin-
ical results are still unsatisfactory, and the disease remains incurable.

Recently, with development of immunotherapies, genetically modi-
fied CAR-T cells have become an effective treatment strategy for he-
matologic malignancies,13 especially in patients with refractory B cell
lymphoma and poor prognosis after traditional treatment.14,15,56,57

However, because of the antigen escape of cancer cells, some patients
become insensitive to CD19-CAR-T cell treatment. To address this
issue, novel therapeutic targets (such as CD20, CD22, and CD123)
have been identified, and combination therapy, including bispecific
CARs, has been developed to prevent tumor recurrence.58–60 Further-
more, bispecific CAR-T cells targeting CD19/CD22, CD19/CD20,
and CD19/CD123 have led to tremendous progress in B cell lym-
phoma treatment.30–32

BispecificCAR-Tcells cannot only avoid antigenescapebut also exhibit
synergistic effects that significantly improve anti-tumor efficacy. How-
ever, this novel strategy is less developed for treatment of TCL. Preclin-
ical data have shown that single-targeted anti-CD4-CAR-T cells are
effective in eradicating lymphoma cells.21 However, they may also
induce CD4 T cell dysplasia, whichmay lead to anHIV/AIDS-like syn-
drome. In preclinical studies of CD5-targeting CAR-T cells, the CD5
antigen is internalized after binding to its ligands or antibodies, leading
to a decrease in its own expression.20,24 AlthoughCAR-T cells targeting
CD30 have been shown to be safe and effective for clinical use, this
regimen requires multiple injections at a high dose.22,27 Other CAR-T
cell designs, including those targeting CD7 or CCR4, have shown
encouraging progress. However, these single-target therapies against
TCL still have the problems of fratricide and lower efficiency.61–63 In
the current study, bispecific CAR-T cells targeting CD30 and CD5
largely improved the efficacy and specificity against TCL.

Tumor membrane proteins, such as specific glycoproteins, can be
recognized as TAAs, and most extracellular segments of CARs are
scFv structures, which may have problems such as insufficient stabil-
ity, potential aggregation, cross-reaction, and difficulty of mass
Nb-CAR-T and scFv-CAR-T cells were co-cultured with Karpas-299 cells (CD30+

xicity was determined by LDH assay. (F) NbCD30/CD5-CAR-T cells or mock T cells

levels of IFN-g, TNF-a, IL-2, and granzyme B in culture supernatants were measured

s-299) at a 1:1 ratio for 24 h. Secretion of IFN-gwasmeasured by ELISpot assay. All

n ± standard error; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for one-way



Figure 5. Bispecific CD30-CD5-CAR-T cells are more effective for tumor growth suppression

(A and B) 6 � 106 Karpas-299 cells were inoculated subcutaneously into NCG mice. The tumor reached 100 mm3 after 7–10 days. Various T cells were infused via tail vein

injection. Tumor engraftment wasmonitored every 2–3 days (1–2 mg of human IL-2 per mouse was injected at a frequency of 2–3 days). s.c., subcutaneous; i.v., intravenous;

i.p., intraperitoneal. Tumor volumes were monitored after injection of CAR-T cells (scale bar, 10 mm). (C) The tumor mass was quantified. All data are mean ± standard error;

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for one-way ANOVA.
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production.64 Therefore, identification of more efficient antibodies is
urgently needed, and the newly developed Nb technology appears to
be a suitable solution. Nbs are the smallest known functional antigen
recognition fragments (12–15 kDa)37 compared with monoclonal an-
tibodies (approximately 150 kDa) and antigen-binding fragments
(approximately 55 kDa). Nbs are small but stable, can retain 80% ac-
tivity at 37�C for a week, and restore their natural conformation after
denaturation at 90�C.65,66 Furthermore, although Nbs lack a light
chain, they have superior specificity, high affinity, and low immuno-
genicity.40 CAR-T cells based on Nb constructs have already been
developed. Nb CAR-T cells targeting fibronectin’s alternatively
spliced EDb (EIIIB) impair tumor neovascularization, reduce the
blood supply to the tumor, and make it more permeable to oncology
drugs.67 CD105- or CD72-targeting Nb-CAR-T cells have also
demonstrated powerful anti-tumor capabilities.68,69 Clinical studies
have shown that Nb-derived CAR-T cells against CD7 have durable
anti-tumor responses in patients with relapsed and refractory T cell
ALL/acute lymphoblastic lymphoma.70 Therefore, Nb-based CAR-T
cell therapy may be a promising strategy for tumor treatment.

The current study demonstrates the enhanced synergistic effect of bis-
pecific anti-CD30-CD5-CAR-T cells against TCL. Given the issues of
scFv specificity and immunogenicity, CD30 and CD5 antigen pro-
teins were purified to immunize alpacas and generate an Nb phage li-
brary; the specific Nbs were screened and optimized against CD30 or
CD5 antigens. The selected Nbs were demonstrated to have higher af-
finity and specificity than scFv. We constructed bispecific Nb-CD30-
CD5-CAR-T cells that further enhanced the in vitro and in vivo effi-
cacy against TCL. Nbs are smaller and less immunogenic; therefore,
the synergistic effect of Nb-based bispecific CAR-T cells may improve
the safety and effectiveness of TCL treatment in clinical practice.

Nb-based bispecific CAR-T cells have shown encouraging results
in vitro and in tumor-bearingmice. This strategy could be further eval-
uated by constructing xenograft mouse tumor models derived from
TCL samples. If the results also show significant advantages compared
with previous studies, clinical trials will be performed with the aim of
achieving better outcomes in patients with TCL. It is expected that,
with development of more powerful and durable CAR-T cell therapies
to re-build anti-tumor immunosurveillance, long-term remission and
survival of patients with TCL may be achieved.

MATERIALS AND METHODS
Cell lines

HEK293T cell lines were obtained from the ATCC and cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Invitrogen, Carlsbad,
Figure 6. Nb-derived CD30 and CD5 bispecific CAR-T cells enhanced anti-tum

(A) Fluorescence-activated cell sorting (FACS) analysis shows the proportion of tumor-

staining of tumor tissue sections. The tumor tissue sections were analyzed for immuno

anti-human granzyme B (pink) antibodies, and the nuclei were stained with DAPI (blue).

and granzyme B expressed as the mean ± SD from three randomly selected fields of thin

and then injection of the indicated CAR-T cells. *p < 0.05, **p < 0.01, log rank Mantel

****p < 0.0001, one-way ANOVA.
CA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Invitrogen). Karpas-299 cell lines were donated by the Lymphoma
Department of Guangdong Provincial People’s Hospital. Raji, Jurkat,
and SupT1 cells were also obtained from the ATCC. Karpas-299, Raji,
Jurkat, and SupT1 cells were cultured in RPMI 1640 medium (Gibco,
Invitrogen) supplemented with 10% FBS (Gibco, Invitrogen).
HEK293F cells were also obtained from the ATCC and cultured in
Union-293 cell culture medium (Union Biotech [Shanghai]). All
cell culture media contained 100 U/mL penicillin and 100 mg/mL
streptomycin. Cells were maintained in a humidified atmosphere
containing 5% CO2 at 37�C.

Construction of the CAR lentiviral vector

The intracellular structural domain of the CAR molecule in the lenti-
viral vector used in this study follows previous publications from our
laboratory.50,51 The anti-CD30 scFv sequence was derived from bren-
tuximab, and the anti-CD5 scFv sequence was derived from the hu-
manized H65 antibody,47 then the single- or bispecific scFv was
linked to the CAR structure constructed in our laboratory, res-
pectively, the scFv followed by CD8a transmembrane domain and
intracellular domains, which contain CD28, CD137, and CD3z in
tandem with GGGGS sequences inserted between each domain.
The NbCD30, NbCD5, or NbCD30-CD5 sequence was ligated to
the CAR structure constructed in our laboratory to form the Nb-
derived CARs. The CARmoiety was inserted into the lentiviral vector
pCPPT-IRES (Internal Ribosome Entry Site) -GFP/RFP (Red
Fluorescent Protein). Cells infected by pseudotyped lentiviruses can
be detected by fluorescence.

Western blot

Expression of the CAR was detected by western blot assay after trans-
fection of lentiviral vector to HEK293T cells. The lentiviral CAR
plasmid was transfected into HEK293T cells with the liposome trans-
fection reagent lipo2000, and the cells were collected and lysed after
48 h. The expression of chimeric antibody protein-CAR was detected
by an anti-FLAG antibody (MBL, M185-3). Expression of CD5 was
detected by an anti-human CD5-specific antibody (Abclonal,
A6882). Expression of CD30 antigen was detected by an anti-human
CD30 antibody (rabbit anti-CD30 polyclonal antibody, Bioss, bs-
2495R). The His tag protein antibody was used with an anti-His anti-
body (Proteintech, 66005-1-Ig).

Isolation and culture of primary human T lymphocytes

Peripheral blood mononuclear cells (PBMCs) were extracted from
anonymous blood specimens from healthy blood donors (Guangzhou
Blood Center) using the Ficoll-Hypaque gradient separation method.
or potency in vivo

infiltrating CAR-T cells and cytokine production capacity. (B) Immunofluorescence

fluorescence by staining with anti-human CD8 (red), anti-human IFN-g (green), and

The statistical plot shows the mean fluorescence intensity statistics for CD8, IFN-g,

tumor sections. Scale bar, 20 mm. (C) Survival curve of mice after tumor inoculation

-Cox test. All data are mean ± standard error; *p < 0.05, **p < 0.01, ***p < 0.001,
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Primary human CD8+ T cells were purified by negatively selected
magnetic beads (BD Biosciences) with greater than 98% purity by
enrichment set (BD-IMag). T lymphocytes were activated with
1 mg/mL of anti-CD3 and anti-CD28 antibodies (STEMCELL Tech-
nologies). T cells were cultured in lymphocyte serum-free medium
(KBM581, Corning; initial concentration of 1 � 106 cells/mL). The
cells were supplemented with recombinant IL-2 (10 ng/mL�1; R&D
Systems) twice a week.

Transduction of recombinant lentiviral particles

One day before transduction, the culture dishes were pretreated with
poly-L-lysine, and HEK293T cells in 10-cm dishes and were spread
evenly at a 1:4 ratio. 24 h later, after observing that the cell density
reached 80%, HEK293T cells were treated with Opti-MEM medium
(1 mL corresponding to one 10-cm dish) with Polyethylenimine
(PEI)-three plasmids mixture, three plasmids contain CAR plasmid
encoding CAR fragments (10 mg), pMD.2 G plasmid encoding the ve-
sicular stomatitis virus G protein (VSV-G) envelope (4 mg) and pack-
aging vector plasmid psPAX2 (10 mg) for co-transfection, using the
PEI transfection system (PEI MAX transfection-grade linear
polyethylenimine hydrochloride, molecular weight [MW] 40,000,
Polysciences). 8–12 h later, successful transfection could be observed
under fluorescence microscopy while replacing 10 mL of fresh me-
dium. 48 h later, the supernatant was collected, and cell debris was
removed by filtration with a 0.45-mm membrane. 10 mL of virus so-
lution was added to a 50-mL centrifuge tube and then concentrated by
adding virus concentration reagent (3 mL 50% Polyethylene glycol
(PEG) 6000 + 1.28 mL 4 mol/L NaCl + 1.37 mL PBS) and then mixed
well and placed in a refrigerator at 4�C overnight. The activated CD8+

T lymphocytes were then transduced with 8 mg mL�1 Polybrene (TR-
1003-G, Sigma)-coated lentiviral suspension, centrifuged at 350 � g
for 90 min, and incubated at 37�C. After 12 h, the recombinant virus
was removed, and T cells were expanded in the conditioned medium.
Transgenic T cells were maintained in complete T cell medium in the
presence of IL-2 (fed twice weekly at 10 ng mL�1).

Cytotoxicity assay

The specific killing activity of T cells toward tumors at different E:T
ratios was measured after co-culture for 8 days by lactate dehydroge-
nase assay using the CytoTox 96 Nonradioactive Cytotoxicity Kit
(G1781, Promega). The manufacturer’s instructions were followed.
Absorbance values of wells containing effector cells alone and target
cells alone were combined and subtracted as background from the
values of the co-cultures. Wells containing target cells alone were
mixed with a lysis reagent for 30 min at 37�C, and the resulting
luminescence was set as 100% lysis. Cytotoxicity was calculated using
the following formula: %cytotoxicity = (experimental – effector
spontaneous – target spontaneous) / (target maximum – target
spontaneous) � 100%.

ELISA

Various CAR-T cells were co-cultured with target cells in 96-well
plates (V bottom) at 10:1 (E:T ratio). Supernatants were collected af-
ter 24 h and analyzed for cytokine release using human IFN-g, TNF-
98 Molecular Therapy: Oncolytics Vol. 30 September 2023
a, IL-2, and granzyme B-specific cytokine ELISA kits (DAKEWE) ac-
cording to the manufacturer’s instructions.

Enzyme-linked immunosorbent spot assay

In the enzyme-linked immunosorbent spot (ELISpot) assay, CAR-T
cells were mixed with target cells (104 cells) at an E:T ratio of 10:1)
and then added to an anti-human IFN-g antibody prepackaged plate
from the Human IFN-g ELISpot Assay Kit (DAKEWE) with a nega-
tive control (effector CD8+ T cells alone). 24 h later, ELISpot assays
were performed according to the manufacturer’s instructions. Plates
were scanned with the ImmunoSpot S6 scan reader (Cellular Tech-
nology), and the number of IFN-g positive T cells was calculated us-
ing ImmunoSpot software (v.5.1.34) (Cellular Technology).

Flow cytometry

For target antigens staining, the following antibodies were used:
mouse anti-human PE-CD30 (BD Biosciences, 550041) and mouse
anti-human Brilliant Violet 421-CD5 (BD Biosciences, 562646). For
T cell phenotype staining, the following antibodies were used for
extracellular staining: mouse anti-human PE-CD3 (eBioscience, 12-
0038-42) and mouse anti-human Brilliant Violet 421-CD8 (eBio-
science, 404-0088-42). For intracellular staining, T cells were
fixed and permeabilized using the BD Cytofix/Cytoperm Kit. Intra-
cellular staining was performed using mouse anti-human fluore-
scein isothiocyanate (FITC)-IFN-g (eBioscience, 11-7319-82), APC
(allophycocyanin)-IL-2 (eBioscience, 17-7029-82), and AF647-gran-
zyme-B (BioLegend, 396421). The phage flow cytometry procedure
was as follows. Karpas-299 cells with high expression of CD30 and
CD5 as positive target cells were incubated with monoclonal phages
at room temperature for 30 min, and the His-tagged phages binding
to antigen on the cell surface were labeled with His fluorescent anti-
body (anti-PE-His, Biolegend, 362603). Stained samples were
collected by a BD FACSAria and analyzed using FlowJo software
(Tree Star, Ashland, OR, USA).

Xenograft mouse model

We used NCG mice (non-obese diabetic [NOD]/ShiLtJGpt-
Prkdcem26Cd52Il2rgem26Cd22/Gpt, GuangDong GemPharmatech) to
evaluate the in vivo anti-tumor effects of transduced CAR-T cells.
All mouse experiments were strictly ethical and approved by Sun
Yat-sen University’s institutional animal care and use Committee.
6 � 106 Karpas-299 cells were subcutaneously injected into 6- to
8-week-old NCGmice to observe their anti-tumor activity. The tumor
volume (V = 1/2� long diameter� short diameter2) was measured by
two-dimensional measurement after 7–10 days. When the tumor vol-
ume reached 100 mm3, 3� 106 transduced CAR-T cells (200 mL PBS)
were transferred into tumor-bearing mice via the tail vein, and at
the same time, the mice were given an intraperitoneal injection of
IL-2 at a dose of 1–2 mg per mouse every 2–3 days. The dynamic
growth of tumors in each group was monitored (tumor volume and
survival status). Three weeks after the CAR-T cell infusion, mice
were executed, and the tumor tissues were separated for subsequent
experiments. Some tumor tissues were digested with collagenase
type IV (2mgmL�1, Sigma) at 37�C for 30min, and tumor-infiltrating
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T cells were isolated by discontinuous Percoll gradient centrifugation
(Hao Yang, China) for subsequent analysis.

Immunohistochemistry and immunofluorescence

Tissue samples were fixed, treated, and stained according to standard
procedures. Simply, the tumor was excised from mice, fixed with 4%
neutral buffer formaldehyde, and embedded in paraffin at the Insti-
tute of Biopathology (Servicebio, China). The primary antibodies
used for immunohistochemistry staining were a rabbit anti-human
CD3 monoclonal antibody (176171-AP, Proteintech) and a rabbit
anti-human IFN-gmonoclonal antibody (ab9657, Abcam). Immuno-
histochemistry (IHC) section images were obtained using a micro-
scope (Leica, DM6000B). The primary antibodies used for immuno-
fluorescence staining were as follows: rabbit anti-human CD8
antibody (GB13068, Servicebio), rabbit anti-human IFN-g antibody
(GB11107-1, Servicebio), and mouse anti-human GZMB antibody
(GB14092, Servicebio). Fluorescent secondary antibodies were as fol-
lows: goat anti-rabbit antibody labeled with horseradish peroxidase
(HRP; GB23303, Servicebio), goat anti-mouse antibody labeled with
HRP (GB23301, Servicebio), and goat anti-mouse antibody labeled
with CY5 (GB27301, Servicebio). DAPI (G1012, Servicebio) was
used for staining of the nucleus. Pathological section scanners (Pan-
noramic, 3Dhistech) were used to detect fluorescence signals. To
quantify the immunofluorescence results, the average fluorescence in-
tensity was analyzed using ImageJ software.

Eukaryotic expression and purification of proteins (antigen

proteins and antibody-Fc proteins)

The CD30 and CD5 antigen extracellular domains were amplified
from the Karpas cell cDNA by PCR and cloned into the pcDNA3.1
expression vector ligated with the His tag. The CD30 and CD5 expres-
sion plasmid was transfected into HEK293F cells with PEI reagent.
Cells were then given the supplement reagent (Chinese hamster ovary
[CHO] PFF05, Shanghai OPM Biosciences Co., Ltd) twice after 24 h
and after 96 h. About 7 days after transfection, the supernatant of the
cell culture was collected. The supernatants were incubated with Ni-
NTA (Nitrilotriacetic acid) agarose (Cytiva) to enrich His-tagged
CD30 and CD5 antigen extracellular domain proteins, followed by
protein elution with Tris-NaCl buffer containing imidazole. The con-
centration of protein was determined by BCA assay. The scFv -Fc or
Nb-Fc fragments were cloned into the pcDNA3.1 expression vector.
After transfection into HEK293F cells, the culture supernatant was
purified and concentrated by protein A, and the scFv/Nb-Fc protein
was used for subsequent ELISA experiments.

Immunization of alpacas and construction of an Nb library

Two healthy 2-year-old alpacas were injected subcutaneously, with
the extracellular domain of CD30 and CD5 protein (1 mg in PBS)
mixed with adjuvant, at 2-week intervals four times. Eight weeks later,
PBMCs were collected, the total RNA was extracted, and cDNA was
synthesized by reverse transcription kit. The VHHs were amplified by
two rounds of PCR with the designed antibody amplification specific
primers. The PCR product were digested with sfiI restriction enzymes
and ligated into the pComb3XSS vector. Then the vector was electro-
porated into E. coli SS320 electrocompetent cells. The resulting SS320
library stock was then infected with M13K07 helper phages to obtain
a library of VHH-presenting phages.

Phage library screening of CD30 and CD5 Nbs

Nbs against CD30 or CD5 were screened by phage display. The puri-
fied and concentrated phage library was incubated with purified CD5
or CD30 in an immune tube (12-1275, BIOLOGIX). After incubation,
phages without binding antigen were washed with PBS, the binding
phages were eluted with trypsin, and the eluted phages were purified
and amplified. Phage titers were tested after each screening. After 3
rounds of repeated screening, positive phage clones were selected
for phage amplification and purification.

Monoclonal phage ELISA

The CD30 or CD5 antigen proteins were coated onto 96-well micro-
titer plates in coating buffer overnight at 4�C and blocked with 3%
BSA for 1 h at 37�C. The coated plates were incubated with different
positive purified monoclonal phages for 1 h at 37�C and, subse-
quently, with mouse annti-M13 monoclonal antibody (HRP) (Sino
Biological, Beijing, China) for 1 h at 37�C. Each incubation was fol-
lowed by four washes with PBS-T (PBS-tween-20). Finally, TMB
(3,3’,5,5’-Tetramethylbenzidine) substrate (Invitrogen, Thermo
Fisher Scientific) was added, and absorption was measured at 450 nm.

scFv/Nb-Fc antibody ELISA

The CD30 or CD5 antigen proteins were coated onto 96-well micro-
titer plates in coating buffer overnight at 4�C and blocked with 3%
BSA for 1 h at 37�C. The coated plates were incubated with Nb-Fc
or scFv-Fc for 1 h at 37�C and, subsequently, with goat anti-human
IgG-Fc secondary antibody (HRP) (Sino Biological) for 1 h at 37�C.
Each incubation was followed by four washes with PBS-T. Finally,
TMB substrate (Invitrogen, Thermo Fisher Scientific) was added,
and absorption was measured at 450 nm.

Prediction of antigen-antibody binding capacity

Molecular docking of antigen-antibody binding was performed by
predicting antibody protein 3D structure models as a basis. A protein
structure prediction website (Protein Homology/analogY Recogni-
tion Engine v.2.0) was used to predict the 3D structures of Nb-Fc
and scFv-Fc, and the 3D structures of CD30 and CD5 antigen pro-
teins were obtained from the AlphaFold Protein Structure Database.
The prediction model of the binding between the antigen and corre-
sponding antibody was obtained using the ZDOCK (a rigid-body
docking algorithm) molecular docking website.

Surface plasmon resonance (SPR)

The antibody-antigen interaction was measured with a BIAcore T100
instrument (Cytiva). The CM5 sensor chip (Cytiva) was activated and
then injected with CD5-His or CD30-His protein at a suitable pH
value of 4.5–5.5 for immobilization (1.5–5 mg/mL in 10 mM acetate
buffer) into channels 2 and 4. The remaining activated groups on
the chip were blocked by injecting ethanolamine HCl (1 M). The
binding status of CD5-His or CD30-His to antibody were monitored
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at different concentrations for about 4 min. The dissociation time of
the antibody in each cycle was 20–25 min. The calculation of KD was
measured by the association constant (KA) and diffusion con-
stant (Kd).
Statistical analysis

Statistical tests were conducted using Prism (GraphPad) software. All
experimental data are presented as mean ± SEM. A t test was used for
comparison of two sample means, and one-way ANOVAwas used for
comparison of multiple groups’ means; p < 0.05 was considered sta-
tistically significant.
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