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Novel single domain antigen binding molecules and their uses

[0001] The present invention relates to novel single-domain-antibodies (sdAb),
which are also known as nanobodies, which bind to human CD4, as well as to the use of
such nanobodies, in particular for prophylactic, therapeutic, diagnostic or cell-targeting
purposes.

[0002] The present invention also relates to polypeptides comprising or essen-
tially consisting of one or more of such nanobodies. The invention also relates to nucleic
acids encoding such nanobodies and polypeptides, to compositions comprising such
nanobodies or polypeptides, and to uses of such polypeptides, nucleic acids, and compo-

sitions, in particular for prophylactic, therapeutic, diagnostic or cell-targeting purposes.

BACKGROUND

[0003] Presently, there is an increasing importance of immunotherapies for the
treatment of infections, immune-mediated inflammatory diseases (IMIDs), autoimmune
diseases and cancer; thus, novel and reliable probes to detect and monitor the distribution

and infiltration of different immune cell populations are urgently needed.

[0004] In precision medicine, diagnostic classification of disease-associated im-
mune status should guide the selection of appropriate therapies. A comprehensive analy-
sis of a patient's specific immune cell composition, activation state, and infiltration of af-
fected tissue has been shown to be highly informative for patient stratification. When ad-

ministering immunotherapeutics, this enables prediction of responders and non-
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responders, monitoring of therapeutic efficacy, and detection of serious adverse events

even before symptoms occur.

[0005] CDA4+ T cells are a key determinant of immune status due to their essen-
tial role in orchestrating immune responses in T cell-mediated delayed hypersensitivity re-

actions in autoimmune diseases, inflammation, cancer, and chronic viral infections.

[0006] CD4 (cluster of differentiation 4) is a glycoprotein found on the surface of
immune cells such as T helper cells, monocytes, macrophages, and dendritic cells. CD4+
T helper cells are white blood cells that are an essential part of the human immune sys-
tem. They are often referred to as CD4+ cells, T-helper cells or T4 cells; their main roles is
to send signals to other types of immune cells, including CD8+ killer cells, which then de-

stroy the infectious particle.

[0007] CD4 is a monomeric type | transmembrane glycoprotein consisting of
four N-terminal N-Immunoglobulin (Ig)-like extracellular domains connected by a short
stalk to a C-terminal transmembrane domain and a cytoplasmic tail domain. Domains D1
and D3 resemble Ig variable domain and domains D2 and D4 resemble the Ig constant
domain. The domain D1 interacts with class || MHC molecules. CD4 helps T-cell receptors
(TCR) to interact with antigen-presenting cells. The cytoplasmic C-terminal tail of CD4 in-
teracts with tyrosine kinase Lck, which activates molecular components of the signaling

pathway.

[0008] CD4 binds MHC class Il with exceptionally low affinity compared to all

other leukocyte cell-cell recognition molecules characterized to date.

[0009] Detailed monitoring of the dynamic distribution of CD4+ T cells, accord-
ingly, is highly relevant for companion diagnostics. Currently, the presence, activation and
differentiation state of CD4+ T cells can be assessed and monitored in the peripheral
blood of patients. More comprehensive diagnostic measures from biopsies of tumors or of
immune-mediated inflammatory diseases (IMIDs) are enabled by a range of methods in-

cluding intra-cytoplasmic flow cytometry analysis (IC-FACS), cytometry by time of flight
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(CyTOF), immunohistochemistry and ex vivo cytokine assays or RT-PCR analysis. Due to
the heterogeneity of cancers and the inhomogeneity of the CD4+ T cell infiltrate in IMIDs,
biopsies provide highly variable information about a very small area and thus are disquali-

fied to estimate the total CD4+ T cell infiltrate.

[0010] Considering the emerging role of infiltrating lymphocytes and the impact
of CD4+ T cells on the outcome of immunotherapies novel holistic approaches are needed
to assess CD4+ T cells, and other CD4 expressing cells, throughout the entire tumor, all

metastasis, or the affected tissue of IMIDs.

[0011] In view of the above, it is an object of the present invention to provide
novel tools for identifying or targeting CD4+ cells, as well as to enable a therapeutic, diag-

nostic or prophylactic use of tools identifying or targeting CD4+ cells.

SUMMARY

[0012] The present invention provides a nanobody (or single-domain-antibody)

which binds to human CD4, the nanobody comprising

a) the amino acid sequences (i) SGFTFSKL (SEQ ID NO: 1) as CDR1,
(i) IDSSGDTTDYLA (SEQ ID NO: 2) as CDR2 and (iii) REDPPG (SEQ ID NO: 3) as
CDRS; or

b) the amino acid sequences (i) SGFDVDYY (SEQ ID NO: 4) as
CDRA1, (ii) IASSDGSTYYAD (SEQ ID NO: 5) as CDR2 and (iii) DA-
TCPYYCSGSVCYLETGMD (SEQ ID NO: 6) as CDR3; or

c) the amino acid sequences (i) SGFALEYY (SEQ ID NO: 7) as CDR1,
(i) MSASGGVINYSE (SEQ ID NO: 8) as CDR2 and (iii) EKAYYGSSWAECYLMMD (SEQ
ID NO: 9) as CDR3; or
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d) amino acid sequences that have at least 90% sequence homology

with the amino acid sequences as defined in a), b) or ¢),

or a functionally conservative variant of the nanobody as defined in
any of a), b) or ¢) comprising a conservative substitution of one or two amino acids in one,
two or three of the sequences, respectively, SEQ ID No. 1, SEQ ID No. 2, and SEQ ID
No. 3; or SEQ ID No. 4, SEQ ID No. 5, and SEQ ID No. 6; or SEQ ID No. 7, SEQ ID No.
8, and SEQ ID No. 9.

[0013] The novel single domain antibodies (or nanobodies) of the invention
specifically recognize the human CD4 receptor in its native state on various CD4+ cells.
With the novel nanobodies disclosed herein, it is possible to selectively identify or target
CD4+ cells, such as CD4+ T cells, which makes them a valuable tool in diagnosis,
prophylaxis and therapy, alone or in combination/association with additional sub-

stances/molecules or methods.

[0014] A single domain antibody (sdAb) is an antibody fragment consisting of a
single monomeric variable antibody domain, which is able to selectively bind to a specific
antigen. As single domain antibodies, the nanobodies of the invention represent an excel-
lent alternative to conventional antibodies (IgGs): Antibodies from camelids, such as lla-
mas, include a unique subset of immunoglobulins consisting of heavy chain homodimers
devoid of light chains. Their variable region (VuH) is the smallest antigen-binding fragment
found in the antibody world, and as a single polypeptide chain it is especially suitable for
protein engineering. Single domain antibodies, or "nanobodies", are the recombinant mini-
mal-sized, intact antigen-binding domains derived from the V4H region of these heavy-
chain antibodies. Unlike monoclonal antibodies, they can be readily produced in large
amounts in simple bacterial expression systems. Moreover, nanobodies are usually ex-
tremely stable, can bind antigens with affinities in the nanomolar range, and are smaller in
size (approximately 15 kDa) and thereby easier to manipulate genetically as compared
with antibody fragments such as single chain variable fragments (ScFvs) comprising the

variable domains of heavy and light chains of a conventional 1gG.
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[0015] Also, due to the small size and compact folding nanobodies show a high
chemical stability, solubility and fast tissue penetration. Additionally, nanobodies can be
easily converted into multivalent formats, such as biparatopic, bivalent, trivalent, tetrava-
lent or other multi-specific constructs, e.g. addressing different epitopes on the same anti-
gen, which the nanobodies presented herein can also be used for according to the inven-
tion. Also, nanobodies have comparable antigen specificities and affinities and, due to
their high homology with human antibody (VH) fragments, show only very low immuno-

genicity.

[0016] According to one embodiment, the nanobody of the invention binds to

domain D1 or to domain D3 of human CD4.

[0017] Also, in a preferred embodiment, the nanobody of the invention is se-
lected from a nanobody which specifically binds to domain D1 of human CD4, wherein
preferably, the nanobody comprises the amino acid sequences (i) SGFTFSKL (SEQ ID
NO: 1) as CDR1, (ii) IDSSGDTTDYLA (SEQ ID NO: 2) as CDR2 and (iii) REDPPG (SEQ
ID NO: 3) as CDR3; or the amino acid sequences (i) SGFALEYY (SEQ ID NO: 7) as
CDRA1, (i) MSASGGVINYSE (SEQ ID NO: 8) as CDR2 and (iii) EKAYYGSSWAECYL-
MMD (SEQ ID NO: 9) as CDRS; or a functionally conservative variant of these nanobod-
ies comprising a conservative substitution of one or two amino acids in one, two or three
of the sequences, respectively, SEQ ID No. 1, SEQ ID No. 2, and SEQ ID No. 3; or SEQ
ID No. 7, SEQ ID No. 8, and SEQ ID No. 9; or amino acid sequences that have at least
90% sequence homology with the above amino acid sequences, or a functionally con-
servative variant of the nanobody as defined above comprising a conservative substitution
of one or two amino acids in one, two or three of the sequences, respectively, SEQ ID No.
4, SEQ ID No. 5, or SEQ ID No. 6..

[0018] The above nanobodies, while binding to the same domain of CD4, i.e.

domain D1, however, bind to different epitopes of domain 1 of CD4.

[0019] In one embodiment, the nanobody binds to domain D3 of CD4, and com-
prises the amino acid sequences (i) SGFDVDYY (SEQ ID NO: 4) as CDRA1, (ii)
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IASSDGSTYYAD (SEQ ID NO: 5) as CDR2 and (iii) DATCPYYCSGSVCYLETGMD (SEQ
ID NO: 6) as CDR3; or amino acid sequences that have at least 90% sequence homology
with the above amino acid sequences, or a functionally conservative variant of the nano-
body as defined above comprising a conservative substitution of one or two amino acids
in one, two or three of the sequences, respectively, SEQ ID No. 4, SEQ ID No. 5, or SEQ
ID No. 6.

[0020] Domain D1 of CD4 is 100 amino acids long, and designated to comprise
amino acid positions 26 to 125, whereas domain D3 is 114 amino acids long and desig-

nated to comprise amino acid positions 204 to 317.

[0021] According to a preferred embodiment, the nanobody of the invention
binds to domain D1 of human CD4 between amino acid Thr 17 and Lys 75, or to domain 1
of human CD4 between amino acid Thr 17 and Glu 91, and, accordingly, the nanobody of
the invention is also a nanobody binding in the respective regions and comprising an

amino acid structure as defined herein.

[0022] Further, according to a preferred embodiment, the nanobody of the in-
vention comprises four framework regions (FR1 to FR4) and three complementarity deter-
mining regions (CDR1 to CDR3), the three complementarity determining regions consist-

ing of

(i) one of the amino acid sequences a) to c), or of

(i) an amino acid sequence that has at least 90% sequence homology

with one of the amino acid sequences a) to c), or of

(i) an amino acid sequence comprising a conservative substitution of
one or two amino acids in one, two or three of the sequences, respectively, SEQ ID No. 1,
SEQ ID No. 2, and SEQ ID No. 3; or SEQ ID No. 4, SEQ ID No. 5, and SEQ ID No. 6; or
SEQ ID No. 7, SEQ ID No. 8, and SEQ ID No. 9;
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wherein preferably, the nanobody comprises an amino acid sequence
selected from the group consisting of the amino acid sequences SEQ ID NO. 10, SEQ ID
No. 11, SEQ ID NO. 12, SEQ ID No. 156, SEQ ID No. 157, or an amino acid sequence
that has at least 90% sequence homology with one of the amino acid sequences SEQ ID
No. 10, SEQ ID No. 11, SEQ ID No. 12, SEQ ID No 156, or SEQ ID No. 157.

[0023] According to a preferred embodiment of the invention, the nanobody is a

humanized variant of a nanobody of the invention.

[0024] In another preferred embodiment of the invention, the nanobody is a hu-
manized variant of a nanobody of the invention having lysine resides exchanged for argi-

nine.

[0025] According to a preferred embodiment, the nanobody is a humanized var-
iant of the nanobody having the SEQ ID No. 10, in which all lysine residues have been ex-

changed for arginine; preferably this nanobody has the SEQ ID No. 157.

[0026] Within the present invention, it has been shown that the nanobodies of

the invention do not affect T cell proliferation or cytokine expression in vitro.

[0027] Also, by labeling the nanobodies of the invention, it was/is possible to
track the presence and location of CD4+ cells in vivo, e.g., in murine xenograft or knock in

models.

[0028] Using the nanobodies of the invention, it was also possible to demon-

strate a high signal-to-noise ratio in mouse optical or molecular imaging.

[0029] As used herein, the articles "a" and "an" refer to one or to more than one

(e.g., to at least one) of the grammatical object of the article.

[0030] The term "or" is used herein to mean, and is used interchangeably with,

the term "and/or", unless context clearly indicates otherwise.
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[0031] The terms "proteins" and "polypeptides" are used interchangeably

herein, as well as the terms “nanobody” and “single domain antibody”.

[0032] "About" and "approximately" shall generally mean an acceptable degree
of error for the quantity measured given the nature or precision of the measurements. Ex-
emplary degrees of error are within 20 percent (%), typically, within 10%, and more typi-

cally, within 5% of a given value or range of values.

[0033] The methods and compositions of the present invention encompass pol-
ypeptides and nucleic acids having the sequences specified, or sequences substantially
identical or similar thereto, e.g., sequences at least 90%, 91%, 92%, 93%, 94%, 95%
identical or higher to the sequence specified. In the context of an amino acid sequence,
the term "substantially identical" is used herein to refer to a first amino acid that contains a
sufficient or minimum number of amino acid residues that are i) identical to, or ii) con-
servative substitutions of aligned amino acid residues in a second amino acid sequence
such that the first and second amino acid sequences can have a common structural do-
main and/or common functional activity. For example, amino acid sequences containing a
common structural domain having at least about 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98% or 99% identity to a reference sequence. In other embodiments, the amino acid
sequence can contain one or more amino acid insertions, deletions, or substitutions (e.g.,
conservative substitutions) to arrive at a percentage identity of at least about 90%, 91 %,
92%, 93%, 94%, 95%, 96%, 97%, 98% or 99% identity to a reference sequence. In the
context of nucleotide sequence, the term "substantially identical" is used herein to refer to
a first nucleic acid sequence that contains a sufficient or minimum number of nucleotides
that are identical to aligned nucleotides in a second nucleic acid sequence such that the
first and second nucleotide sequences encode a polypeptide having common functional
activity, or encode a common structural polypeptide domain or a common functional poly-
peptide activity. For example, nucleotide sequences having at least about 80%, 85%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% or 99% identity to a reference se-

quence.

[0034] A "functionally conservative variant" of the nanobody of the invention as

used herein means a nanobody or fragment in which one or more amino acid residues



WO 2023/275075 PCT/EP2022/067773

have been modified without altering desired properties, such as antigen affinity and/or an-
tigen specificity. Such variants include, but are not limited to, certain amino acids substi-
tuted with amino acids having similar properties. E.g., a "conservative amino acid substitu-
tion" is one in which the amino acid residue is replaced with an amino acid residue having
a similar side chain. Families of amino acid residues having similar side chains have been
defined in the art. Such conservative substituents are preferably substituted by another
amino acid residue of the following groups (a) to (e): (a) a small aliphatic, nonpolar or
weakly polar residue (Ala, Ser Thr, Pro, Gly), (b) polar, negatively charged residues and
their (uncharged) amides (Asp, Asn, Glu, GIn), (¢) polar, positively charged residues (His,
Arg, Lys) ), (D) large aliphatic, nonpolar residues (Met, Leu, lle, Val, Cys), and (e) aro-
matic residues (Phe, Tyr, Trp).

[0035] Particularly preferred conservative substitutions are: Ala to Gly or Ser,
Arg to Lys, Asn to Gin or His, Asp to Glu, Cys to Ser, GIn to Asn, Glu to Asp, Gly to Ala or
Pro, His To Asn or Gin, lle to Leu or Val, Leu to lle or Val, Lys to Arg or GIn or Glu, Met to
Leu or Tyr or lle, Phe to Met or Leu or Tyr, Ser to Thr, Thr to Ser, Trp To Tyr, Tyr to Trp,

and / or Phe to Val or lle or Leu, wherein a particularly preferred substitution is Lys to Arg.

[0036] A preferred embodiment is the substitution of all Lys (lysine) residues for
Arg (arginine) in SEQ ID No. 10, leading to the following sequence: EVQLVESGGG
LVQPGGSLRL SCAASGFTFS RLAMSWHREP PGRGREWLAD IDSSGDTTDY
LASVRGRFTI SRDNARNTLY LQMDSLRSED TGVYYCASRE DPPGYWGQGT QVTVSS
(SEQ ID No. 156).

[0037] In a preferred embodiment, the nanobody is a humanized variant of the
nanobody having the SEQ ID No. 10, in which all lysine residues have been exchanged
for arginine, and preferably this nanobody has the sequence EVQLVESGGG
LVQPGGSLRL SCAASGFTFS SLAMSWHRQP PGRGREWLAD IDSSGSTTDY
LASVRGRFTI SRDNSRNTLY LQMNSLRTED TGVYYCASRE DPPGYWGQGT TVTVSS
(SEQ ID No. 157).
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[0038] The amino acid sequence and structure of nanobodies can be consid-
ered to include, but are not limited to, four framework regions or “FRs”, which are inter-
rupted by three complementarity determining regions or “CDRs”. The total number of

amino acid residues in the nanobody may be in the range of 110-130.

[0039] Thus, according to one aspect of the invention, CD4-specific nanobodies
are used for the detection and in vivo imaging of CD4+ cells, preferably CD4+ T cells,
which makes them not only versatile probes, e.g., for immuno-PET for patient stratification
and for monitoring individual immune responses during personalized immunotherapy, but
also valuable tools for therapeutic or pharmaceutical uses, e.g. for cell-targeting in gene

therapy.

[0040] According to one aspect of the invention, the nanobody of the invention
is associated with at least one of a detectable label, a viral particle, and/or a therapeuti-

cally or pharmacologically active agent.

[0041] The term “associated with” when used in connection with the nanobody
of the invention refers to any modification of the nanobody with another moiety that is/can
be used as a diagnostic moiety/agent, or as a therapeutically or pharmacologically active
moiety or agent. With the modification, the agent or moiety (the nanobody gets associated

with) is indirectly or directly bound to the nanobody, or incorporated into the nanobody.

[0042] For example, such modification may comprise the introduction (e.g. by
conjugation, biologically or chemically linking, covalent binding or in any other suitable
manner) of one or more functional groups or agents or moieties, which can be a detecta-
ble label, a viral particle, and/or a therapeutically or pharmacologically active agent, and/or
that, e.g., alters/increases the half-life, the solubility and/or the absorption of the nano-
body, that reduce the immunogenicity and/or the toxicity of the nanobody, that eliminate or
attenuate any undesirable side effects of the nanobody, and/or that confer other advanta-
geous properties to and/or reduce the undesired properties of the nanobody; or any com-
bination of two or more of the foregoing. Examples of such functional groups and of tech-

niques for introducing them will be clear to the skilled person, and can generally comprise
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all functional groups and techniques mentioned in the general background art cited here-
inabove as well as the functional groups and techniques known per se for the modification
of pharmaceutical proteins, and in particular for the modification of antibodies or antibody
fragments. Such functional groups may for example be linked directly (for example cova-
lently) to a nanobody used in the invention, or optionally via a suitable linker or spacer, as

will again be clear to the skilled person.

[0043] As used herein the terms “label”’, “marker” and variants thereof when
used in the context of a nanobody/construct refer to a detectable compound, composition
or molecule that is linked, associated or conjugated directly or indirectly to the nanobody
or construct disclosed herein, to facilitate detection of the compound. Non-limiting exam-
ples of labels as known in the art include fluorescent tags, enzymatic linkages, and radio-
active isotopes. In one example, a “labeled nanobody” refers to the direct or indirect con-
jugation of the detectable compound, composition or molecule to the nanobody. Addition-
ally, or alternatively, the detectable compound, composition or molecule can be incorpo-
rated into the nanobody structure by means other than direct or indirect conjugation. An
exemplary method of such incorporation is the replacement of an amino acid residue of
the nanobody with a modified amino acid residue such that it becomes detectable (e.g., by
radiolabeling). The label may be directly detectable or may be detectable only after con-
tact with further compounds compositions or molecules. In one, non-limiting example, the
label may be the incorporation of a radiolabeled amino acid, which is directly detectable
according to methods known in the art. In additional or alternative non-limiting examples,
the label may be the attachment of biotinyl moieties to the nanobody, which are detectable
following contact with marked avidin (for example, streptavidin containing a fluorescent
marker or enzymatic activity that can be detected by optical or colorimetric methods as
known in the art). Various methods of labeling proteins are known in the art and may be
used. Examples of labels for polypeptides include, but are not limited to, the following: ra-
dioisotopes or radionuklids (such as **S, "'C, ®N, '°0, '8F, 1°F, °°TC, 3|, °H, "4C, 5N, %Y,
%Tc, """In and '?|), fluorescent labels (such as fluorescein isothiocyanate (FITC), rhoda-
mine, lanthanide phosphors), enzymatic labels (such as horseradish peroxidase, beta-ga-
lactosidase, luciferase, alkaline phosphatase), chemiluminescent markers, biotinyl groups,
predetermined polypeptide epitopes recognized by a secondary reporter (such as a leu-

cine zipper pair sequences, binding sites for secondary antibodies, metal binding
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domains, epitope tags), or magnetic agents (such as gadolinium chelates). In some em-
bodiments, labels are attached by spacer arms of various lengths to reduce potential ste-

ric hindrance for the binding of the nanobody or the construct disclosed herein.

[0044] In order to label a nanobody of the invention, any method known in the
field can be applied. Generally, in order to label the nanobody of the invention for, e.g,
positron emission tomography (PET), PET tracers are coupled to a chelator (e.g.
NODAGA) or click-reagent via a reactive unit (e.g. primary amino group, azide group in
combination with DBCO, C-terminal cysteine, His6-tag) located within the nanobody, via

which the radionuclide is then introduced.

[0045] A "therapeutically or pharmacologically active agent" may comprise any
therapeutically active agent that effects a therapeutic, i.e. beneficial treatment effect in a
patient in need of a therapeutic treatment. Non-limiting examples of agents include, for ex-
ample, a cytokine inhibitor, a growth factor inhibitor, an immunosuppressant, an anti-in-
flammatory agent, a metabolic inhibitor, an enzyme inhibitor, a cytotoxic agent, and a cy-

tostatic agent.

[0046] According to one aspect of the invention, the detectable label is selected
from detectable moieties and tracers for immuno-histochemistry, optical imaging, near in-
frared imaging (NIR), positron emission tomography (PET), single photon emission com-
puted tomography (SPECT) or magnetic resonance imaging (MRI), and preferably which

detectable label is selected from fluorophores, radionuklids or magnetic particles.

[0047] With the nanobody of the invention modified with a detectable label or “a

contrast agent”, different approaches for imaging cells can be performed.

[0048] Noninvasive imaging approaches offer a significant benefit compared to
current diagnostic standard. To date, radiolabeled antibodies have been applied to image
CD4+ T cells in preclinical models. Due to the recycling effect mediated by the neonatal
Fc receptor, full-length antibodies have a long serum half-life (~ 1-3 weeks), which re-

quires long clearance times (several days) before high-contrast images can be acquired.
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Additionally, effector function via the Fc region was shown to induce depletion or func-
tional changes in CD4+ cells including the induction of proliferation or cytokine release.
With the CD4-nanobodies presented herein, all these drawbacks and disadvantages can

be overcome.

[0049] According to another aspect of the invention, the nanobody is associated
with a viral particle, wherein the viral particle is an Adenovirus-associated Virus (AAV) par-
ticle, an Adenovirus particle, or a lentiviral particle, and wherein preferably the AAV parti-
cle is selected from an AAV2, AAV3, AAV4, AAV5, AAV6B, AAV7, AAVS, or an AAV9 parti-
cle.

[0050] Accordingly, in another preferred embodiment, the nanobody of the in-
vention is associated with a therapeutically active agent, wherein the therapeutically active
agent is an active gene transfer agent.

[0051] Within the present invention it has been shown that the nanobody of the
invention associated with a viral particle as indicated above can be efficiently used for tar-
geting human CD4+ T cells, and can be used, e.g., for gene therapy, preferably for gene

therapy of disease-related peripheral blood CD4+ leukocytes.

[0052] A gene transfer agent allows clinicians to introduce a therapeutic rele-
vant nucleic acid sequence (i.e. DNA or RNA) of interest directly into a patient (in vivo
gene therapy) or into cells isolated from a patient or a donor (ex vivo gene therapy). Ther-
apeutic transgenes (encoding polypeptides, including nanobodies), produced by trans-
duced cells after gene therapy can be maintained at a relatively constant level in a sub-
ject, as compared to a protein that is administered directly. Expression can be transient
(on the order of hours to weeks) or sustained (weeks to months or longer), depending
upon the specific construct used and the target tissue or cell type. These transgenes can
be introduced as an integrating or non-integrating linear construct, a circular plasmid, a vi-
ral vector. Moreover, these transgenes can be introduced by virus-like particles (VLP) or
chemical nanoparticle carriers (e.g. lipid nanoparticles; LNP).
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[0053] The invention also concerns a nucleic acid comprising or consisting of a
nucleic acid sequence coding for the nanobody of the invention, optionally linked to an-

other nucleic sequence.

[0054] The present invention also relates to a nucleic acid encoding an amino
acid sequence comprising framework region 1, CDR1, framework region 2, CDR2, frame-
work region 3, CDR3 and framework region 4, of the nanobody as described herein, as

well as a polypeptide comprising at least one nanobody as described herein.

[0055] In some of the aspects described herein, a nucleic acid sequence en-
coding a nanobody of the invention, or any module thereof, is operably linked to a vector.
In general, as used herein, the term “vector” refers to any genetic element, such as a plas-
mid, phage, transposon, cosmid, chromosome, virus, virion, etc., that is capable of repli-
cation when associated with the proper control elements and that can transfer gene se-
quences to cells. Thus, the term includes cloning and expression vehicles, as well as viral
vectors. By “recombinant vector” is meant a vector that includes a heterologous nucleic
acid sequence, or “transgene”, that is capable of expression in vivo. Vectors useful for the
delivery of a sequence encoding a nanobody of the invention or components thereof can
include one or more regulatory elements (e.g., promoter, enhancer, etc.) sufficient for ex-

pression of the nanobody or component thereof in the desired target cell or tissue.

[0056] In one embodiment, the nanobody of the invention is for use in diagnos-
tic or prognostic methods, or for use as medicament, preferably for modulating CD4+ T
cell function and/or cell depletion, or for use as contrast agent in non-invasive medical im-

aging in vivo.

[0057] By “diagnostic method” or “diagnosis”, is meant here a method giving the
possibility of determining whether an individual suffers from a pathology or certain status,

e.g. treatment status, or disease status.

[0058] By “prognostic method” or “prognosis”, is meant here a method giving

the possibility of determining whether an individual risks developing a pathology.
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[0059] Preferably, and in one embodiment of the invention, the nanobody as
defined above is used for diagnosis of the infiltration of CD4+ T cells in different biological

tissues or fluids.

[0060] By “use as a medicament’ or drug, the general use of the nanobody as
medicament or drug is meant, i.e. for treating a disease. The use can comprise a treat-
ment method comprising the administration of a therapeutically effective amount of the

nanobody or the construct of the invention to a patient in need thereof.

[0061] The diseases or conditions that may be therapeutically treated and/or
monitored using the nanobody of the invention are selected from cancer, viral infections,
autoimmune diseases, rheumatoid arthritis, colitis, allogenic stem cells transplantation, or-

gan transplant rejection, acquired immunodeficiency disease.

[0062] E.g. the nanobody or the construct of the invention may be used to block
CD4 function, or its binding to MHCII, which can be used, e.g. in the treatment of autoim-

mune diseases or cancer.

[0063] As described in greater detail below, the nanobody of the invention may
for example be administered orally, via inhalation, via a parenteral route in a suitable form.
When the parenteral route is contemplated, the nanobody may be in the form of injectable
solutes and suspensions packaged in ampoules or flasks. The forms for parenteral admin-
istration are conventionally obtained by mixing the nanobody with buffers, stabilizers, pre-
servatives, solubilizing agents, isotonic agents and suspension agents. According to
known techniques, these mixtures are then sterilized and then packaged in the form of in-
travenous injections. The administered amount of nanobody or the construct naturally de-
pends on the administration method, on the size and/or on the weight of the patient, and

on the nature of the therapeutically active agent which may be associated therewith.

[0064] In one embodiment of the invention, the nanobody is used for the in vitro

detection of CD4 in a sample.
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[0065] In one embodiment, the nanobody of the invention, or the nucleic acid of
the invention, is for use in retargeting AAV, Adenovirus or lentiviral vectors, or for retarget-

ing gene transfer vectors, or for use in targeting virus-like particles or lipid nanoparticles.

[0066] With the nanobody of the invention, AAV, Adenovirus or lentiviral vectors
may be redirected to CD4+ cells, in particular CD4+ T cells. In Adeno-associated virus
(AAV), the viral capsid, inter alia, defines viral tropism. Currently, in primates, thirteen AAV
serotypes have been identified, differing in the tissues and cells that they infect, although
the serotypes usually display a rather broad tissue specificity. E.g., AAV2, which is the
best investigated serotype for gene transfer, is characterized by a broad tropism, infecting
numerous cell types and tissues. Also, the deficit of all AAV serotypes to specifically and
efficiently transduce peripheral blood mononuclear cells (PBMC) represents a considera-
ble technical hurdle, in particular when direct in vivo gene transfer into human hematolym-
phoid cells is required. This drawback is now addressed and can be overcome with the
nanobody of the invention, by means of which these cells, which express CD4, can be di-
rectly targeted.

[0067] In one embodiment, the nanobody of the invention, or the nucleic acid
coding for the nanobody, is used for genetic labelling of AAV capsid proteins, preferably

for genetic labeling of the AAV capsid proteins VP1 and/or VP2.

[0068] With the nanobody of the invention, e.g. AAV vector transduction of hu-
man CD4+ cells can be improved, including primary human T lymphocytes, by means of

which, e.g. recombinases or nucleases can be introduced.

[0069] According to another aspect, the invention also concerns a mul-
tiparatopic, preferably a biparatopic, a multivalent, preferably a bivalent or trivalent, con-

struct comprising at least one nanobody of the invention, or a combination thereof.

[0070] A “multiparatopic construct’ as used herein and as generally understood
refers to a polypeptide construct that binds to two or more different epitopes on one anti-

gen, e.g. two (= biparatopic) or three (= triparatopic). Accordingly, the present invention
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also comprises constructs comprising the binding sequences of at least two of the nano-

bodies of the invention.

[0071] A “multivalent construct”, on the other hand, is a construct that has at
least two antigen binding sites/binding units. In some embodiments, a multivalent con-

struct is a bivalent construct, trivalent construct or a tetravalent construct.

[0072] The present invention also concerns a method for determining and/or
imaging and/or monitoring the presence and/or amount and/or activity or differentiation
state of CD4+ cells in a biological sample suspected of comprising CD4+ cells, preferably

CD4+ T cells, the method comprising the steps of:

a) combining said sample with at least one of the nanobodies of the
present invention, or with at least one construct of the present invention, and optionally
with at least one second compound conjugated with a detectable label, the second com-
pound binding to another marker of the CD4+ cells, preferably CD4+ T cells,

b) measuring, via the detectable label, imaging signals from said nanobody
that has bound to CD4+ cells, preferably CD4+ T cells, in said sample, and, if a second
compound has additionally been used in step a), from said second compound that has

bound to another marker; and

c) imaging, determining and/or monitoring the presence and/or amount
and/or activity of CD4+ cells, preferably CD4+ T cells, in said sample via the imaging sig-

nals,

wherein the determination and/or monitoring and/or imaging is preferably for pa-
tient stratification and for monitoring individual immune responses during personalized im-

munotherapy.

[0073] A “biological sample” as used herein is meant to be a portion of a larger

biological element. Preferably, the sample is a substance of biological origin. Examples of
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biological samples include, but are not limited thereto, portions of organs or tissues such
as the kidney, the liver, heart, the lung, etc., the arteries, the veins, etc., the blood, e.g.
whole blood, and its compounds such as the plasma, serum, the platelets, the sub-popu-
lations of blood cells etc., as well as saliva, sputum, or any sample retrieved from the
mouth and pharynx region, also e.g. by using a mouth wash or rinse containing saliva or
sputum samples. The biological sample, preferably, is from a mammal, preferably a hu-
man. Also, preferably, the biological sample can be a cell culture comprising cells derived
from a mammal, preferably a human, such as primary cells or (established) cell lines, with
a “primary cell culture” being the culture of cells directly isolated from a tissue of interest
and retaining the morphological and functional characteristics of their tissue of origin.
Whereas cell lines are cells that have been continually passaged over a long period of
time and have acquired homogenous genotypic and phenotypic characteristics; they can

be finite or continuous.

[0074] The nanobodies of the invention can not only be used on/in connection
with CD4+ T cells, but also on other CD4 expressing cells, e.g. immune cells such as
monocytes, macrophages, and dendritic cells. Accordingly, in one embodiment of the pre-
sent invention, the CD4-expressing cell is selected from T-cells, monocytes, macro-

phages, and dendritic cells.

[0075] The present invention also concerns the use of at least one of the nano-
bodies of the present invention, or of at least one construct of the present invention, as a
diagnostic agent, preferably wherein the diagnostic agent is used in a diagnosis which is
selected from diagnostic classification of a disease-associated immune status of a patient,

and susceptibility to immunotherapies of a patient.

[0076] The present invention also concerns a method for diagnosing and/or
monitoring the immune status and/or susceptibility to immunotherapies of a patient,
wherein at least one nanobody of the present invention, or at least one construct of the
present invention,, is used to assess and/or monitor CD4+ T cells in a biological sample of
the patient, wherein the nanobody is used alone or in combination with a second com-
pound binding to a T-cell specific marker, wherein the T cell-specific marker is selected
from at least one of CD2, CD3, CD7, CD8, CD27, CD28, CD127, HLA-DR, CD38, CD869,
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CCR4, CCR5, CCR8, CCR7, CTLA-4, LAG3, TIM-3, OX40, ICOS, CXCR4, PD-1, PD-L1,
PD-L2, CD40L (synonym CD154), CD122, CD137, GITR, CD25, CD278, SIGLEC-7, SIG-
LEC-9, BTLA (synonym: CD272), TIGIT, VISTA, B7-H4 (synonym: VTCN1), CD276 (syn-
onym: B7-H3), A2AR, CEACAM1, LAIR-3, HVEM, CD160, CD200, CD200R.

[0077] The present invention also concerns a pharmaceutical composition
comprising at least one of the nanobodies of the invention and/or at least one construct of

the invention, in association with a pharmaceutically acceptable carrier or excipient.

[0078] The composition of the invention comprises at least one nanobody of the
invention, formulated for administration to/ for use with a patient in need of treatment with

the composition/the nanobody of the invention.

[0079] The term “pharmaceutically” or “pharmaceutically acceptable” refers to
molecular entities and compositions which do not produce secondary, allergic or other un-
fortunate reactions when they are administered to a mammal, in particular a human. Ac-
cordingly, a "pharmaceutically acceptable carrier" is understood to mean any excipient,
additive, or vehicle that is typically used in the field of the treatment of diseases and which
simplifies or enables the administration of the product according to the invention to a living
being, preferably a human, and/or improves its stability and/or activity. The pharmaceuti-
cal composition can also incorporate binding agents, diluting agents or lubricants. The se-
lection of a pharmaceutical carrier or other additives can be made on the basis of the in-
tended administration route and standard pharmaceutical practice. As pharmaceutical ac-
ceptable carrier use can be made of/comprise one or more of solvents, extenders, or
other liquid binding media such as dispersing or suspending agents, surfactant, isotonic
agents, spreaders or emulsifiers, preservatives, encapsulating agents, solid binding me-
dia, lyoprotectants, bulking agents, stabilizer, depending upon what is best suited for the
respective dose regime and is likewise compatible with the compound according to the in-
vention. An overview of such additional ingredients can be found in, for example, Rowe
(Ed.) et al.: Handbook of Pharmaceutical Excipients, 7th edition, 2012, Pharmaceutical
Press.
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[0080] The pharmaceutical composition can, e.g., comprise an aqueous buffer
at a physiologically acceptable pH (e.g., pH 7 to 8.5), a polymer-based nanoparticle vehi-
cle, a liposome, and the like. The pharmaceutical compositions can be delivered in any

suitable dosage form, such as a liquid, gel, solid, cream, or paste dosage form.

[0081] Any administration method, known to one skilled in the art, may be used
for administrating the nanobody or the pharmaceutical composition according to the inven-
tion to the patient. In particular, the nanobody/the pharmaceutical composition may be for
example administered orally, by inhalation or via a parenteral route, in particular by injec-
tion, e.g., subcutaneous, intravascular, intramuscular or intraperitoneal. When the paren-
teral route is selected, the nanobody/pharmaceutical composition may be in the form of
injectable solutions and suspensions, packaged in ampoules or flasks. The parenteral ad-
ministration forms are conventionally obtained by mixing the nanobody according to the
invention with buffers, stabilizers, preservatives, solubilizing agents, isotonic agents and
suspending agents. According to known techniques, these mixtures may be sterilized or
packaged as intravenous injections. One skilled in the art may for example use a buffer

based on phosphate salts as buffers.

[0082] A "lyoprotectant" is a molecule which, when combined with a protein of
interest, significantly prevents or reduces chemical and/or physical instability of the protein
upon lyophilization and subsequent storage. Exemplary lyoprotectants include sugars
such as sucrose, sorbitol, or trehalose; an amino acid such as monosodium glutamate or
histidine; a methylamine such as betaine; a lyotropic salt such as magnesium sulfate; a
polyol such as trihydric or higher sugar alcohols, e.g. glycerin, erythritol, glycerol, arabitol,

xylitol.

[0083] A "stabilizer" refers to a molecule which, when combined with a protein
of interest (e.g., the nanobdy/single domain antibody molecule) substantially prevents or
reduces chemical and/or physical instability of the protein of interest in lyophilized, recon-
stituted, liquid or storage form. Exemplary stabilizers include sucrose, sorbitol, glycine, in-

ositol, sodium chloride, methionine, arginine, and arginine hydrochloride.
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[0084] The "diluent" of interest herein is one which is pharmaceutically accepta-
ble (safe and non-toxic for administration to a human) and is useful for the preparation of
a reconstituted formulation. Exemplary diluents include sterile water, bacteriostatic water
for injection (BWFI), a pH buffered solution (e.g. phosphate-buffered saline), sterile saline

solution, Ringer's solution or dextrose solution.

[0085] A "preservative" is a compound which can be added to the diluent to es-
sentially reduce bacterial action in the reconstituted formulation, thus facilitating the pro-
duction of a multi-use reconstituted formulation, for example. Examples of potential pre-
servatives include octadecyldimethylbenzyl ammonium chloride, hexamethonium chloride,
benzalkonium chloride (a mixture of alkylbenzyldimethylammonium chlorides in which the
alkyl groups are long-chain compounds), and benzethonium chloride. Other types of pre-
servatives include aromatic alcohols such as phenol, butyl and benzyl alcohol, alkyl para-
bens such as methyl or propyl paraben, catechol, resorcinol, cyclohexanol, 3-pentanol,

and m-cresol. The most preferred preservative herein is benzyl alcohol.

[0086] A "bulking agent"is a compound which adds mass to the lyophilized
mixture and contributes to the physical structure of the Iyophilized cake (e.g. facilitates the
production of an essentially uniform lyophilized cake which maintains an open pore struc-
ture). Exemplary bulking agents include mannitol, glycine, polyethylene glycol and sorbi-

tol.

[0087] The administered amount of nanobodies/the pharmaceutical composi-
tion naturally depends on the administration route/method, on the size and/or on the
weight of the patient, on the detection technique used, and on the nature of the accessory

moiety which may be associated therewith.

[0088] The pharmaceutical composition of the invention may include a surfac-
tant, a bulking agent, a stabilizer, a preservative, and a buffer, e.g. a buffer for adjusting
the pH of the composition. In some embodiments, the formulation is a liquid formulation, a
lyophilized formulation, a reconstituted lyophilized formulation, an aerosol formulation, or a

bulk storage formulation (e.g., frozen bulk storage formulation).
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[0089] The patient preferably is a human.

[0090] The “biological sample” as used herein, is preferably selected from the
group consisting of a tissue sample, body fluid sample, preferably a sputum sample and
saliva sample, blood sample, preferably a whole blood sample, plasma sample or serum
sample. The biological sample, as mentioned above preferably, is from a mammal, prefer-
ably a human. Also, preferably, the biological sample can be a cell culture comprising
cells derived from a mammal, preferably a human, such as primary cells or (established)
cell lines, with a “primary cell culture” being the culture of cells directly isolated from a tis-
sue of interest and retaining the morphological and functional characteristics of their tissue
of origin. Whereas cell lines are cells that have been continually passaged over a long pe-
riod of time and have acquired homogenous genotypic and phenotypic characteristics;

they can be finite or continuous.

[0091] By providing the amino acid sequence of the nanobody of the invention,
one skilled in the art is capable of producing the nanobodies according to the invention
and described herein, by conventional techniques for producing polypeptides. For exam-

ple, they may be synthesized by using a well known synthesis method in a solid phase.

[0092] Alternatively, the nanobodies according to the invention may be synthe-
sized with recombinant DNA techniques well known one skilled in the art (Maniatis ef al.
(1982) Molecular Cloning: a laboratory manual, Cold Spring Harbor Laboratories, NY, 51-
54 and 412-430). For example, they may be obtained as DNA expression products after
incorporating DNA sequences coding for the polypeptide of interest in expression vectors
and introducing these vectors in suitable prokaryotic or eukaryotic hosts which will ex-
press the polypeptide of interest, from which they may then be isolated by using tech-
niques well known to one skilled in the art. Accordingly, the invention also concerns a vec-
tor comprising a nucleic acid coding for the polypeptides and nanobodies as disclosed
herein, as well as a transfected, infected or transformed cell with such a nucleic acid or

vector.
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[0093] Further advantages follow from the description of the embodiments and
the attached drawings. All publications, patent applications, patents, and other references

mentioned herein are incorporated by reference in their entirety.

[0094] It goes without saying that the abovementioned features and the fea-
tures which are still to be explained below can be used not only in the respectively speci-
fied combinations, but also in other combinations or on their own, without departing from

the scope of the present invention.

[0095] Several embodiments of the invention are illustrated in the figures and

explained in more detail in the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0096] Fig. 1 shows results of experiments for the identification and characteri-
zation of nanobodies against human CD4 of the invention; (A) Amino acid sequences of
the complementarity determining region (CDR) 3 from unique CD4-Nbs selected after two
rounds of biopanning are listed. (B) Recombinant expression and purification of CD4-Nbs
using immobilized metal affinity chromatography (IMAC) and size exclusion chromato-
graphy (SEC). Coomassie staining of 2 ug of purified Nbs is shown. (C) Representative
images of live CHO-hCD4 cells stained with CD4-Nbs for 30 min at 4°C (top row) or 60
min at 37°C (bottom row), scale bar: 50 um. (D) For biolayer interferometry-based affinity
measurements, biotinylated hCD4 was immobilized on streptavidin biosensors. Kinetic
measurements were performed using four concentrations of purified Nbs ranging from
15.6 nM - 1000 nM. As an example, the sensogram of CD4-Nb1 at indicated concentra-
tions is shown. (E) ECso determination by flow cytometry. Exemplarily shown for CD4-Nb1,
the percentage of positively stained CHO-hCD4 (frequency of parent) was plotted against
indicated concentrations of CD4-Nbs. Table 1 Summary of affinities (Kp), association (Kon)
and dissociation constants (Ko) determined by BLI (left side) and ECso values of flow cy-
tometry (right side). (F) a sequence alignment of SEQ ID Nos. 16, 17 and 18.
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[0097] Fig. 2 shows results of experiments of the localization of CD4-nanobod-
ies binding epitopes; (A) Representative images of live CHO cells expressing full-length or
domain-deletion mutants of hCD4 stained with fluorescently labeled CD4-Nbs (CF568).
(B) Surface structure model of hCD4 (PDBe 1wiq) and the HDX-MS epitope mapping re-
sults of CD4-Nb1 — 3 are shown. Different colours highlight the amino acid residues pro-
tected by CD4-Nb1 (blue), CD4-Nb2 (red) or CD4-Nb 3 (yellow). Overlapping residues
protected by both, Nb1 and Nb3 are coloured in green. A more detailed surface map
(%AD) of these specific regions are shown in C (CD4-Nb1), D (CD4-Nb3) and E (CD4-

Nb2) with the corresponding CD4 amino acid sequence.

[0098] Fig. 3 shows results of cytometry analyses of human PBMCs stained
with fluorescently labeled CD4 nanobodies; (A) Schematic representation of the final gat-
ing step for CD3*CD4* double-positive cells derived from donor one. (B) Percentage of
double-positive cells of three donors, stained with CD4-Nb1 or CD4-Nb2 (100 nM), or
CD4-Nb3 or CD4-Nb4 (1 uM), compared to anti-CD4 antibody and negative control Nb
(GFP-Nb, 1 uM). Table 2 Percentage of double-positive PBMCs from three donors

stained with CD4-Nbs at indicated concentrations.

[0099] Fig. 4 shows experiments for analyzing the impact of CD4 nanobodies
on activation, proliferation and cytokine release of T cells; Cells were stained with CFSE,
treated with 5 uM Nbs or w/o for 1 h (one replicate each), washed and then stimulated
with 5 ug/ml MHC-class |l peptides, 10 ug/ml PHA or not stimulated, and cultured for 12
days. (A) Cells were analyzed by flow cytometry for proliferation (CFSE-negative fraction)
and activation (CD25 and CD69) on days 4, 6, 8. Proliferation of CD4* cells after stimula-
tion with MHC-class |l peptide(s) (left) or PHA (right). (B) Activation markers on CD4"
cells, Top: CD25 expression after stimulation with MHCII peptide(s) (left) or PHA (right);
Bottom: CD69 expression after stimulation with MHCII peptide(s) (left) or PHA (right).
Mean percentages of all 3 donors are shown as plain or dotted lines. (C) Cytokine and ac-
tivation marker expression of CD4" cells — TNF, IFN-y, CD154 (left y-axis) or IL-2 (right y-
axis). Cells were restimulated on day 12 with MHC-class Il peptide(s) or DMSO (back-
ground) for 14h in the presence of Golgi Stop and Brefeldin A and analyzed by flow cy-
tometry. Error bars display SEM. Gating strategy is shown in Fig. 9 below, all percentages

are given within CD4* T cells.
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[00100] Fig. 5 shows results of optical imaging (Ol) experiments of CD4 nano-
body CD4-Nb1-Cy5.5; 5 pg of CD4-Nb1-Cy5.5 or GFP-Nb-Cy5.5 were administered i.v. to
s.c. human CD4* HPB-ALL-bearing NSG mice and tumor bio distribution was monitored
by repetitive Ol measurements over the course of 24 h. (A) Representative images of
each measurement time point of one mouse injected with CD4-Nb1-Cy5.5 (left, CD4) or
GFP-Nb-Cy5.5 (right, ctrl). Red circles and white arrows indicate the tumor localization at
the right upper flank. (B) Quantification of the fluorescence signal from the tumors (n = 4
per group, arithmetic mean of the average radiant efficiency + SEM). (C) After the last im-
aging time point tumors were explanted for ex vivo Ol, confirming increased accumulation
of CD4-Nb1-Cy5.5 compared to the GFP-Nb-Cy5.5 (n = 2 per group, arithmetic mean +
SEM);

[00101] Fig. 6 shows diagrams for the affinities of examples of the CD4-nano-
bodies of the invention; (A) Sensograms of biolayer interferometry-based affinity measure-
ments of CD4-Nb2, CD4-Nb3 and CD4-Nb4 are shown. Biotinylated hCD4 was immobi-
lized on streptavidin biosensors and kinetic measurements were performed by using four
concentrations of purified Nbs ranging from 15.6 nM - 1 uM. (B) ECso determination of
CD4-Nbs for cellularly expressed hCD4 by flow cytometry. The percentage of positively
stained CHO-hCD4 (frequency of parent) was plotted against indicated concentrations of

CD4-Nbs. ECso values were calculated from a four-parametric sigmoidal model;

[00102] Fig. 7 shows diagrams for the epitope binning analysis of examples of
the CD4 nanobodies of the invention by biolayer interferometry (BLI); (A) Representative
BLI sensograms of single measurements of combinatorial Nb binding to the recombinant
extracellular portion of human CD4 of CD4-Nb1 (darker) and CD4-Nb2 (lighter) with (A)
one another, (B) CD4-Nb3, or (C) CD4-Nb4; (D) a sequence alignment of SEQ ID Nos.
16, 17 and 18.

[00103] Fig. 8 shows diagrams for the results of binding studies of CD4-nano-
bodies of the invention to CD4" cells present in human PBMCs. Top row shows gating
strategy for flow cytometry analysis of CD4*CD3* double-positive human PBMCs. Middle

and bottom row shows final gating step and quantification of these cells for donor 1 (A),
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donor 2 (B), and donor 3 (C) stained with an anti-CD4 antibody (CD4 ab), anti-GFP con-
trol Nb (GFP-Nb), or CD4-Nb1 - CD4-Nb4 at indicated concentrations;

[00104] Fig. 9 shows results of the determination of the effect of CD4-nanobod-
ies on CD4* T cells; A) Gating strategy for analysis of proliferation and activation of CD4*
cells after stimulation. Top row from left to right: Time gate, single cells, live cells, lympho-
cytes, CD4* cells. Middle and bottom rows: gates were placed on proliferating CFSE-neg-
ative CD4" cells (left), CD25"CD4* cells (middle) and CD69*CD4"* cells (right). Histogram
overlay shows the number of divisions as CFSE labeling within CD4" cells. Shown is one
representative example (donor 2) on day 6. (B) Gating strategy (donor 3) for analysis of
activation marker and cytokine expression of CD4* cells in intracellular staining after 12
days of culture and 14 h re-stimulation. Top row from left to right: Time gate, single cells,
live cells, lymphocytes, CD4" cells, CD4/CD8 staining (gating on CD8" cells). Middle and
bottom rows show the expression of TNF, IFN-y, CD154 and IL-2 after re-stimulation with

MHC-class Il peptides or control DMSO/water.

[00105] Fig. 10 shows results of the determination of cytokines secreted from
whole blood samples of donors after treatment with CD4-Nbs. Blood samples of three do-
nors were incubated with 5 yM CD4-Nb1, CD4-Nb4, GFP-Nb (control) or w/o Nb and stim-
ulated with lipopolysaccharide (LPS), phytohaemagglutinin (PHA) or medium only as con-
trol. Secreted cytokines (listed in Fig. 20B) were measured and quantified using an in
housed developed microsphere-based (Luminex) multiplex sandwich immunoassay. Re-
sults of one biological experiment are shown as colored dots indicating measured cytokine

levels of one individual.

[00106] Fig. 11 shows results of cross-species reactivity testing of Cy5.5-labeled
CD4-nanobodies of the invention; Flow cytometry of human and mouse CD4" cells
stained with CD4-Nbs-Cy5.5 or GFP-Nb-Cy5.5. Binding to human CD4 was confirmed for
CD4-Nb1-3. The low-affinity CD4-Nb4 did not show staining at this concentration (0.75

pg/ml, ~49 nM). None of the nanobodies stained murine CD4;
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[00107] Fig. 12 shows results of in vivo optical imaging (Ol) of low-affinity bind-
ing CD4-Nb4-Cy5.5; 5 ug of CD4-Nb4-Cy5.5-or GFP-Nb-Cy5.5 were administered i.v. to
s.c. human CD4+ HPB-ALL-bearing NSG mice and tumor bio distribution was monitored
by repetitive Ol measurements over the course of 24 h. (A) Representative images of
each measurement time point of 4 mice injected either with CD4-Nb4-Cy5.5 (left, CD4) or
GFP-Nb-Cy5.5 (right, ctrl). White arrows indicate the tumor localization at the right upper
flank. (B) Quantification of the fluorescence signal from the tumors (n = 4 per group, arith-
metic mean of the average radiant efficiency £ SEM). (C) After the last imaging time point,
tumors were explanted for ex vivo Ol, demonstrating similar accumulation of CD4-Nb4-
Cy5.5 and GFP-Nb-Cy5.5 (n = 2 per group, arithmetic mean + SEM);

[00108] Fig. 13 shows results of immunofluorescence staining experiments of ex
vivo HPB-ALL tumors; Cryosections from ex vivo HPB-ALL tumors were imaged for bound
Nb (blue) from the systemic injection in xenografted mice and co-stained with CD4-spe-
cific antibody (red) and nuclear DAPI staining (green). Image overlay of CD4-Nb1 (A) or
control GFP-Nb (B) with CD4 antibody fluorescence after 2 hours of Nb injection. (C, D)
Line-scan quantification of indicated image sections from A and B. (E, F) same as A and B
after 24 h of systemic Nb injection. (G, H) Line-scan analysis of indicated image sections

from E of strongly stained area (G) or weakly stained area (H).

[00109] Fig. 14 shows data concerning nanobody sequences and AAV2-nano-
body design as exemplary used in the present invention: A) Amino acid alignment of the
nanobodies used in this study. Nanobody annotation in accordance to the studies above,
which describe a thorough characterization and application for in vivo imaging. Nb (nano-
body) 1a shares the identical complementary determining region 3 (CDR3) as Nb1 (amino
acids 101-117 in the alignment). B) Plasmids constructs used for AAV2 particle production
and schematic representation of resulting capsids. Equimolar amounts of plasmids were
co-transfected into HEK293T cells. For clarity, AAV helper plasmid and vector genome
encoding a GFP reporter included in all co-transfections is not visualized here. Essential
changes to optimized viral capsid proteins VP1-3 are indicated - lighter: mutated / black:
wt. ATG — start codon; SA — splice acceptor site; NB — Nanobody; R585A/R588A — Arg to

Ala amino acid substitution at residues 585 and 588 (blind), respectively.
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[00110] Fig. 15 shows results of the electron microscopic analysis of nanobody-
containing AAVs capsids: A) Purified AAV2 particles were subjected to negative staining
electron microscopy. Representative images show vector genome-containing (black ar-
row) and empty (white arrow) capsids. Individual capsids are magnified. Scale bar 50 nm.
B) Immuno-gold staining of purified AAV2 particles indicates accessible nanobodies at the

capsid surface. Images were cropped to show representative capsids. Scale bar 100 nm.

[00111] Fig. 16 shows results on transduction experiments of CD4 expressing
cells with AAV2 CD4-nanobody containing particles: A) CD4 expression on cell lines used
in this study. Cells were stained with anti-CD4-Cy7 antibody and compared to unstained
mock controls. The CD4 signal in mock cells was manually adjusted to 100 au and com-
pared to stained cells by flow cytometry. Histograms are normalized by modal mode to
visualize comparable peak heights. B) Two HelLa (wt and TZMbl) and two T lymphoid
(1G5 and SupT1) cell lines were transduced with indicated viral genomes copies per cell
(gc/cell). Three days post infection % GFP positive cells was determined by flow cytome-
try; n=2-4. Error bars indicate SD. C) 1G5 cells were transduced with indicated AAV2 par-
ticles at a concentration of 10.000 gc/cell. Three days post transduction cells were stained
for CD4 expression and analyzed for GFP expression by flow cytometry. Representative

data are shown;

[00112] Fig. 17 shows results of nanobody specificity in mixed culture experi-
ments: A) Representative analysis of a mixed culture experiment. HeLa wt (CD4 negative)
were mixed with HeLa TZMbl (CD4 positive) in a ratio of 1:1 prior to AAV2 transduction
and subsequently transduced in different virus dilutions. Three days post transduction,
cells were harvested, stained for CD4 and analyzed for GFP expression by flow cytome-
try. B Cumulative data from independent HeLa mixed culture experiments. Indicated are
relative frequencies of GFP positive cells for CD4 positive and negative cells, respectively
(left panel in B). AAV2 CD4-specific transduction is calculated as ratio from the individual
cell populations (fold CD4 positive over CD4 negative). Fold changes are indicated on the

right; n = 2-6, presented are means with SD.

[00113] Fig. 18 shows results for experiments analyzing the AAVS VP1 CD4
nanobody specificity in primary CD4+ T and PBMC; A) Primary human CD4+ T cells from
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two healthy donors were CD3/CD28 activated and transduced with indicated virus stocks
(20.000 gc/cell). Three days post transduction, cells were stained for CD4 and analyzed
for GFP expression by flow cytometry. Error bars indicate SD; n=4. B) Primary human
PBMC were CD3/CD28 stimulated and subsequently infected with indicated virus stocks
(10.000 gc/cell). Three days post infection, cells were stained for CD4 and GFP expres-
sion was assessed via flow cytometry (left panel). Fold specificity for CD4 positive cells
(right panel) was determined from relative GFP positive populations in CD4 negative and

positive cells, respectively. Data from one representative experiment.

[00114] Fig. 19 shows results of AAV2-VP1 bivalent-CD4 nanobody specificity in
mixed culture experiments; A) Representative analysis of a mixed culture experiment
comparing VP1-CD4-monovalent with bivalent nanobody constructs. HeLa wt (CD4 nega-
tive) were mixed with HeLa TZMbl (CD4 positive) in a ratio of 1:1 prior to AAV2 transduc-
tion and subsequently transduced with different virus dilutions. Three days post transduc-
tion cells were harvested, stained for CD4 and analyzed for GFP expression by flow cy-
tometry. B) Summary of three independent HelLa mixed culture experiments. Indicated are
relative frequencies of GFP positive cells for CD4 positive and negative cells, respectively
(left panel). AAV2 CD4-specific transduction is calculated as ratio from the individual cell
populations (fold CD4 positive over CD4 negative). Fold changes are indicated on the
right; n=3, presented are means with SD.

[00115] Fig. 20 shows two tables: A) primers used for and B) cytokines analyzed
in the experiments presented herein under the title “use of CD4-nanobodies in in vivo im-
aging of human CD4”.

[00116] Fig. 21 shows the amino acid sequences of exemplarily engineered
AAV2 VP1 & VP2 proteins with CD4-specific nanobodies of the invention, with the follow-
ing legend: A) AAV2 VP1 original sequence, Modified amino acids — in bold, Sequence

replaced by nanobody insertion — in bold, underlined and italic; B) Nanobody se-

quences in AAV VP, N-terminal/central linker sequence — in bold & italic, C-terminal

linker sequence — in bold and underlined; C) AAV2 VP2 original sequence, Modified

amino acids — in bold; D) Nanobody sequences in AAV VP2, C-terminal linker sequence

—in bold and underlined;
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[00117] Fig. 22 shows a table listing the oligonucleotides used in the experi-
ments presented herein under the title “Targeting of CD4+ T cells by nanobody-modified

AAV2 gene therapy vectors”;

[00118] Fig. 23 shows that ®*Cu-CD4-Nb1 specifically accumulates in CD4+ T
cell-rich organs: A) representative maximum intensity projection PET/MR images of hu-
man CD4 knock-in (hCD4KI) and wild-type (wt) C57BL/6 mice 3 h post intravenous (i.v.)
injection of ®*Cu-CD4-Nb1; white arrows indicate localization of lymph nodes; B) Exem-
plary transversal PET/MR images of spleen, lymph nodes, and liver (3 h post injection)
and dynamic organ uptake quantification of 64Cu-CD4-Nb1 over 24 h [n = 3 per group,
arithmetic mean of the % injected dose per ml (%ID/ml) + SEM, unpaired t-test of the 3-h
time point, * p < 0.05]; white arrows indicate the target organ; C) schematic diagrams de-
picting and comparing the 8*Cu-CD4-Nb1 accumulation in lymph nodes, spleen, and liver

in hCD4KI mice (circle graph) compared to wt littermates (squares graph);

[00119] Fig. 24 shows a sensogram of biolayer interferometry-based affinity
measurements of a mutant nanobody after replacing all lysine residues with arginine resi-
dues (having SEQ ID No. 156).

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[00120] Within the present invention, a set of human CD4-specific nanobodies
(in the following also: “Nbs”) was generated, their binding properties on recombinant and
cellular CD4 were examined, and their epitopes with sub-domain resolution were deter-
mined. A series of immunological analyses were performed to evaluate their effects on T-
cell proliferation and activation and cytokine production in isolated human PBMCs and
whole blood. Further, Nbs were converted into CD4 immunoprobes for optical imaging by
site-directed fluorescent labeling and investigated their ability to visualize human CD4-

positive tissue in a murine xenograft model by in vivo optical imaging.

[00121] 1. Use of CD4-nanobodies in in vivo imaging of human CD4
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[00122] Materials and Methods

[00123] Nanobody library generation

[00124] Alpaca immunization and Nb library construction were carried out as de-
scribed previously. Animal immunization has been approved by the government of Upper
Bavaria (Permit number: 55.2-1-54-2532.0-80-14). In brief, an alpaca (Vicugna pacos)
was immunized with the purified extracellular domains of human CD4 (aa26-390) recom-
binantly produced in HEK293 cells (antibodies-online GmbH, Aachen, Germany). After ini-
tial priming with 1 mg the animal received six boost injections with 0.5 mg hCD4 each
every second week. 87 days after initial immunization, ~100 ml of blood were collected
and lymphocytes were isolated by Ficoll gradient centrifugation using Lymphocyte Sepa-
ration Medium (PAA Laboratories GmbH). Total RNA was extracted using TRIzol (Life
Technologies) and mMRNA was transcribed into cDNA using the First-Strand cDNA Syn-
thesis Kit (GE Healthcare). The Nb repertoire was isolated in 3 subsequent PCR reactions
using the following primer combinations (1) CALL0O01 and CALLOO02, (2) forward primer
set FR1-1, FR1-2, FR1-3, FR1-4 and reverse primer CALL002, and (3) forward primer
FR1-ext1 and FR1-ext2 and reverse primer set FR4-1, FR4-2, FR4-3, FR4-4, FR4-5 and
FR4-6 introducing Sfil and Notl restriction sites. The Nb library was subcloned into the
Sfil/ Notl sites of the pHEN4 phagemid vector.

[00125] Nb Screening

[00126] For the selection of CD4-specific Nbs two consecutive phage enrichment
rounds were performed, both with immobilized recombinant antigen and CHO-hCD4 cells.
E.coli TG1 cells comprising the CD4-Nb-library in pHEN4 were infected with the M13K07
helper phage to generate Nbs presenting phages. For each round 1 x 10" phages of the
CDA4-Nb-library were applied on immunotubes coated with hCD4 (10 pg/ml). In each se-
lection round extensive blocking of antigen and phages was performed with 5% milk or
BSA in PBS-T and with increasing panning rounds PBS-T washing stringency was in-
creased. Bound phages were eluted in 100 mM tri-ethylamine, TEA (pH 10.0), followed by
immediate neutralization with 1 M Tris/HCI pH7.4. For cell-based panning, 2 x 10° CHO-
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hCD4 or HEK293-hCD4 were non-enzymatically detached using dissociation buffer
(Gibco) and suspended in 5% FCS in PBS. Antigen expressing cells were incubated with
1 x 10" phages under constant mixing at 4°C for 3 h. Cells were washed 3 x with 5% FCS
in PBS. Phages were eluted with 75 mM citric acid buffer at pH2.3 for 5 min. To deplete
non-CD4-specific phages, eluted phages were incubated 3 x with 1 x 107 wt cells. Expo-
nentially growing E.coli TG1 cells were infected with eluted phages from both panning
strategies and spread on selection plates for following panning rounds. Antigen-specific

enrichment for each round was monitored by counting colony forming unit (CFUs).

[00127] Whole-cell phage ELISA

[00128] Polystyrene Costar 96-well cell culture plates (Corning) were coated with
poly-L-lysine (Sigma Aldrich) and washed once with H,O. CHO-wt and CHO-hCD4 were
plated at 2 x 10* cells per well in 100 ul and grown to confluency overnight. Next day, 70
pl of phage supernatant were added to culture medium of each cell type and incubated at
4°C for 3 h. Cells were washed 5 x with 5% FCS in PBS. M13-HRP-labeled antibody (Pro-
gen) was added at a conc. 0,5 ng/ml for 1 h, washed 3 x with 5% FCS in PBS. Onestep
ultra TMB 32048 ELISA substrate (Thermo Fisher Scientific) was added and incubated
until color change was visible and reaction was stopped by addition of 100 pl of 1M
H>SO4. Detection occurred at 450 nm at a Pherastar plate reader and phage ELISA-posi-

tive clones were defined by a 2-fold signal above wt control cells.

[00129] Expression constructs

[00130] The cDNA of human CD4 (UniProtKB - P01730) was amplified from
hCD4-mOrange plasmid DNA (hCD4-mOrange was a gift from Sergi Padilla Parra;
addgene plasmid #110192; http://n2t.net/addgene:110192; RRID:Addgene_110192) by
PCR using forward primer hCD4 fwd and reverse primer hCD4 rev and introduced into
BamHI and Xhol sites of a pcDNA3.1 vector variant (pcDNA3.1(+)IRES GFP, a gift from
Kathleen_L Collins; addgene plasmid #51408; http://n2t.net/addgene:51406;
RRID:Addgene_51406). The neomycin resistance gene (NeoR) was replaced with the
cDNA for Blasticidin S-deaminase (bsd), amplified with forward primer bsd fwd and
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reverse primer bsd rev, by integration into the Xmal and BssHII sites of the vector. CD4
domain deletion mutants were generated using the Q5 Site-Directed Mutagenesis Kit
(NEB) according to the manufacturer’s protocol. For mutants lacking domain D1 of hCD4
an N-terminal BC2 tag was introduced. For the generation of plasmid
pcDNA3.1_CD4_AD1_IRES-eGFP forward primer AD1 fwd and reverse primer AD1 rev
were used; for pcDNA3.1_CD4_AD1AD2_IRES-eGFP forward primer AD1AD2 fwd and
reverse primer AD1AD2 rev; for pcDNA3.1_CD4_AD3AD4_IRES-EGFP forward primer
AD3AD4 fwd and reverse primer AD3AD4 rev. For bacterial expression of Nbs, se-
guences were cloned into the pHENB vector, thereby adding a C-terminal sortase tag
LPETG followed by 6xHis-tag for IMAC purification as described previously. For protein
production of the extracellular domains D1-4 of hCD4 in Expi293 cells, corresponding
cDNA was amplified from plasmid DNA containing full-length human CD4 cDNA (addgene
plasmid #110192) using forward primer CD4-D1-4 f and reverse primer CD4-D1-4r. A
6xHis tag was introduced by the reverse primer. Esp3| and EcoRl restriction sites were
used to introduce the cDNA into a pcDNAS3.4 expression vector with the signal peptide
MGWTLVFLFLLSVTAGVHS from the antibody JF5.

[00131] Cell Culture, Transfection, Stable Cell Line Generation

[00132] HEK293T and CHO-K1 cells were obtained from ATCC (CCL-61, LGC
Standards GmbH, Wesel, Germany). As this study does not include cell line-specific anal-
ysis, cells were used without additional authentication. Cells were cultivated according to
standard protocols. Briefly, growth media containing DMEM (HEK293) or DMEM/F12
(CHO) (both high glucose, pyruvate, Thermo Fisher Scientific (TFS)) supplemented with
10% (v/v) fetal bovine serum, L-glutamine and penicillin-streptomycin (all from TFS) were
used for cultivation. Cells were passaged using 0.05% trypsin-EDTA (TSF) and were culti-
vated at 37°C and 5% CO, atmosphere in a humidified chamber. Plasmid DNA was trans-
fected using Lipofectamine 2000 (TSF) according to the manufacturer’s protocol. For the
generation of the stable HEK293-hCD4 and CHO-hCDA4 cell line, 24 h post transfection,
cells were subjected to a two-week selection period using 5 pug/ml Blasticidin S (Sigma Al-
drich) followed by single cell separation. Individual clones were analyzed by live-cell fluo-

rescence microscopy regarding their level and uniformity of GFP and CD4 expression.
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[00133] Protein expression and purification

[00134] CD4-specific Nbs were expressed and purified as previously published.
Extracellular fragment of human CD4 comprising domains D1-4 of human CD4 and a C-
terminal His6-tag was expressed in Expi293 cells according to the manufacturer’s proto-
col (Thermo Fisher Scientific). Cell supernatant was harvested by centrifugation 4 days
after transfection, sterile filtered and purified according to previously described protocols.
For quality control, all purified proteins were analyzed via SDS-PAGE according to stand-
ard procedures. Therefore, protein samples were denaturized (5 min, 95°C) in 2x SDS-
sample buffer containing 60 mM Tris/HCI, pH6.8; 2% (w/v) SDS; 5% (v/v) 2-mercaptoeth-
anol, 10% (v/v) glycerol, 0.02% bromphenole blue. All proteins were visualized by In-
stantBlue Coomassie (Expedeon) staining. For immunoblotting proteins were transferred
to nitrocellulose membrane (Bio-Rad Laboratories) and detection was performed using
anti-His primary antibody (Penta-His Antibody, #34660, Qiagen) followed by donkey-anti-
mouse secondary antibody labeled with AlexaFluor647 (Invitrogen) using a Typhoon Trio
scanner (GE-Healthcare, Freiburg, Germany; excitation 633 nm, emission filter settings
670 nm BP 30).

[00135] Live-cell immunofluorescence

[00136] CHO-hCD4, and CHO wt cells transiently expressing CD4 domain-dele-
tion mutants were plated at ~10,000 cells per well of a yclear 96-well plate (Greiner Bio
One, cat. #55090) and cultivated at standard conditions. Next day, medium was replaced
by live-cell visualization medium DMEMgfp-2 (Evrogen, cat. #MC102) supplemented with
10% FCS, 2 mM L-glutamine, 2 pg/ml Hoechst33258 (Sigma Aldrich) for nuclear staining,
and fluorescently labeled or unlabeled CD4-Nbs at concentrations between 1 nM and 100
nM. Unlabeled CD4-Nbs were visualized by addition of 2.5 pg/ml anti-VHH secondary Cy5
AffiniPure Goat Anti-Alpaca 1gG (Jackson Immuno Research). Images were acquired with

a MetaXpress Micro XL system (Molecular Devices) at 20x or 40x magnification.

[00137] Biolayer interferometry (BLI)
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[00138] To determine the binding affinity of purified Nbs to recombinant hCD4,
biolayer interferometry (BLItz, ForteBio) was performed. First, CD4 was biotinylated by 3-
fold molar excess of biotin-N-hydroxysuccinimide ester. CD4 was then immobilized at sin-
gle-use high-precision streptavidin biosensors (SAX) according to manufacturer’s proto-
cols. For each Nb four association/dissociation runs were executed with concentrations
appropriate for the affinities of the respective nanobodies (overall between 15.6 nM and 1
pM). As a reference run, PBS was used instead of Nb in the association step. As negative
control the GFP-Nb (500 nM) was applied in the binding studies. Recorded sensograms
were analyzed using the BLItzPro software and dissociation constants (Kp) were calcu-
lated based on global fits. For the epitope competition analysis, two consecutive applica-
tion steps were performed, with a short dissociation period of 30 s after the first associa-

tion.

[00139] Affinity determination by flow cytometry

[00140] For cell-based affinity determination, HEK293-hCD4 were detached us-
ing enzyme-free cell dissociation buffer (Gibco) and resuspended in FACS buffer (PBS
containing 5% FCS). For each staining condition 200,000 cells were incubated with suita-
ble dilution series of CD4 nanobodies at 4°C for 30 min. Cells were washed two times and
for detection Cy5 AffiniPure Goat Anti-Alpaca 1gG, VHH domain (Jackson Immu-
noResearch) was applied for 15 min. PBMCs (Department of Immunology/ ZKT Tubingen
gGmbH) were freshly thawed and resuspended in FACS buffer. For each sample 200,000
cells were incubated with suitable concentrations of CD4 nanobodies coupled to CF568 in
combination with 1:500 dilution of anti-CD3-FITC (BD Biosciences) at 4°C for 30 min. For
control staining PE/Cy5-labeled anti-human CD4 antibody (RPA-T4, Biolegend) was used.
After two washing steps, samples were resuspended in 200 pl FACS buffer and analyzed
with a BD FACSMelody Cell Sorter. Final data analysis was performed via FloJo10® soft-

ware.

[00141] Sortase labeling of nanobodies
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[00142] Sortase A pentamutant (eSrtA) in pET29 was a gift from David Liu
(Addgene plasmid # 75144, http://n2t.net/addgene:75144; RRID:Addgene_75144) and
was expressed and purified as previously described. CF568-coupled peptide H-Gly-Gly-
Gly-Doa-Lys-NH (sortase substrate) was custom-synthesized by Intavis AG. For the
click-chemistry a peptide H-Gly-Gly-Gly-propyl-azide was synthesized. In brief, for sortase
coupling 50 uM nanobody, 250 uM sortase peptide dissolved in sortase buffer (50 mM
Tris, pH 7.5, and 150mM NaCl) and 10 uM sortase were mixed in coupling buffer (sortase
buffer with 10 mM CaCl.) and incubated for 4 h at 4°C. Uncoupled nanobody and sortase
were depleted by IMAC. Unbound excess of unreacted sortase peptide was removed us-
ing Zeba Spin Desalting Columns (ThermoFisher Scientific, cat. #89890). Azide-coupled
Nbs were labeled by SPAAC (strain-promoted azide-alkyne cycloaddition) click chemistry
reaction with 2-fold molar excess of DBCO-Cy5.5 (Jena Biosciences) for 2 h at 25°C. Ex-
cess DBCO-Cy5.5 was subsequently removed by dialysis (GeBAflex-tube, 6-8 kDa, Sci-
enova). Finally, to remove untagged nanobody, (side product of the sortase reaction), hy-
drophobic interaction chromatography was used (HIC, HiTrap Butyl-S FF, Cytiva). Binding
of DBCO-Cy5.5-coupled Nb occurred in 50 mM HxNaPQs, 1.5 M (NH4),S0s4, pH7.2. Elu-
tion took place with 50 mM H:NaPO,, pH7.2. Dye-labeled protein fractions were analyzed
by SDS-PAGE followed by fluorescent scanning on a Typhoon Trio (GE-Healthcare,
CF568: excitation 532 nm, emission filter settings 580 nm BP 30; Cy5.5 excitation 633
nm, emission filter settings 670 nm BP 30; 546) and subsequent Coomassie staining.
Identity and purity of final products were determined by LC-MS (CD4-Nbs-CF568, >60%);
CD4-Nb1-Cy5.5, ~94%; CD4-Nb4-Cy5.5, ~99%; GBP-Cy5.5; ~94%, CD4-Nb1-3, ~99%;
bivGFP-Nb, ~99%).

[00143] Hydrogen-Deuterium Exchange

[00144] CD4 Deuteration Kinetics and Epitope Elucidation

On the basis of the affinity constants of 5.1 nM (CD4-Nb1), 6.5 nM (CD4-Nb2), and 75.3
nM (CD4-Nb3) (predetermined by BLI analysis), the molar ratio of antigen to Nb was cal-
culated, ensuring 90% complex formation according to Kochert ef al., (Hydrogen-Deuter-
ium Exchange Mass Spectrometry to Study Protein Complexes, Methods Mol Biol (2018)
1764:153-71). CD4 (5 ul, 65.5 uM) was preincubated with CD4-specific Nbs (5 pl; 60.3,
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67.4, and 143.1 uM for Nb1, Nb2, and Nb3, respectively) for 10 min at 25°C. Deuteration
samples containing CD4 only were preincubated with PBS instead of the Nbs. HDX of the
preincubated samples was initiated by 1:10 dilution with PBS (pH 7.4) prepared with D20,
leading to a final concentration of 90% D20O. After 5- and 50-min incubation at 25°C, ali-
quots of 20 ul were taken and quenched by adding 20 pl ice-cold quenching solution (0.2
M TCEP with 1.5% formic acid and 4 M guanidine HCI in 100 mM ammonium formate so-
lution pH 2.2), resulting in a final pH of 2.5. Quenched samples were immediately snap-
frozen. Immobilized pepsin (TFS) was prepared using 60 ul of 50% slurry (in ammonium
formate solution pH 2.5) that was then centrifuged (1,000 x g for 3 min at 0°C). The super-
natant was discarded. Prior to each analysis, samples were thawed and added to the pep-
sin beads. After digestion for 2 min in a water ice bath, samples were separated from the
beads by centrifugation at 1,000 x g for 30 s at 0°C using a 0.22-pym filter (Merck, Milli-
pore) and immediately analyzed by LC-MS. Undeuterated control samples for each com-
plex and CD4 alone were prepared under the same conditions using H-O instead of D,O.
Additionally, each Nb was digested without addition of CD4 to generate a list of peptic
peptides deriving from the Nb. The HDX experiments of the CD4-Nb complexes were per-
formed in triplicate. The back-exchange of the method as determined using a standard
peptide mixture of 14 synthetic peptides was 24%.

[00145] Chromatography and Mass Spectrometry

[00146] HDX samples were analyzed on a LC-MS system comprised of RSLC
pumps (UltiMate 3000 RSLCnano, Thermo Fisher Scientific, Dreieich, Germany), a
chilling device for chromatography (MéCour Temperature Control, Groveland, MA, USA)
and a mass spectrometer Q Exactive (Thermo Fisher Scientific, Dreieich, Germany). The
chilling device contained the LC column (ACQUITY BEH C18, 1.7 um, 300 A, 1 mm x 50
mm (Waters GmbH, Eschborn, Germany)), a cooling loop for HPLC solvents, a sample
loop, and the injection valve and kept all components at 0°C. Samples were analyzed us-
ing a two-step 20 min linear gradient with a flow rate of 50 pl/min. Solvent A was 0.1%
(v/v) formic acid and solvent B was 80% acetonitrile (v/v) with 0.1% formic acid (v/v). After
3 min desalting at 10% B, a 9 min linear gradient from 10 to 25% B was applied followed
by an 8 min linear gradient from 25 to 68.8%. Experiments were performed using a Q Ex-

active (Thermo Fisher Scientific, Dreieich, Germany) with 70,000 resolutions instrument
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configurations as follows: sheath gas flow rate of 25; aux gas flow rate of 5; S-lens RF

level of 50, spray voltage of 3.5 kV and a capillary temperature of 300°C.

[00147] HDX Data Analysis

[00148] A peptic peptide list containing peptide sequence, retention time and
charge state was generated in a preliminary LC-MS/MS experiment. The peptides were
identified by exact mass and their fragment ion spectrum using protein database searches
by Proteome Discoverer v2.1.0.81 (Thermo Fisher Scientific, Dreieich, Germany) and im-
plemented SEQUEST HT search engine. The protein database contained the CD4 and
the pepsin sequences. Precursor and fragments mass tolerance were set to 6 ppm and
0.05 Da, respectively. No enzyme selectivity was applied, however, identified peptides
were manually evaluated to exclude peptides originated through cleavage after arginine,
histidine, lysine, proline and the residue after proline. Additionally, a separate list of pep-
tides for each Nb was generated, and peptides overlapping in mass, retention time, and
charge with the antigen digest were manually removed. The deuterated samples were
recorded in MS mode only and the generated peptide list was imported into HDExaminer
v2.5.0 (Sierra Analytics, Modesto, CA, USA). Deuterium uptake was calculated using the
increase of the centroid mass of the deuterated peptides. HDX could be followed for 87%-
88% of the CD4 amino acid sequence. The calculated percentage deuterium uptake of
each peptide between CD4-Nb and CD4-only were compared. Any peptide with uptake

reduction of 5% or greater upon Nb binding was considered as protected.

[00149] Endotoxin determination and removal

[00150] The concentration of bacterial endotoxins was determined with Pierce
LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific) and removal oc-

curred using EndoTrap HD 1 ml (Lionex) according to the manufacturers” protocols.

[00151] PBMC isolation, cell freezing, and thawing
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[00152] Fresh blood, buffy coats, or mononuclear blood cell concentrates were
obtained from healthy volunteers at the Department of Immunology or from the ZKT Tu-
bingen gGmbH. Participants gave informed consent and the studies were approved by the
ethical review committee of the University of Ttbingen, projects 156/2012B01 and
713/2018B02). Blood products were diluted with PBS 1x (homemade, 10x Lonza, Swit-
zerland) and peripheral blood mononuclear cells (PBMCs) were isolated by density gradi-
ent centrifugation with Biocoll separation solution (Biochrom, Germany). PBMCs were
washed twice with PBS 1x, counted with a NC-250 cell counter (Chemometec, Denmark),
and resuspended in heat-inactivated (h.i.) fetal bovine serum (Capricorn Scientific, Ger-
many) containing 10% DMSO (Merck, Germany). Cells were immediately transferred into
a -80°C freezer in a freezing container (Mr. Frosty; Thermo Fisher Scientific, USA). After
at least 24 hours, frozen cells were transferred into a liquid nitrogen tank and were kept
frozen until use. For the experiments, cells were thawed in IMDM (+L-Glutamin +25mM
HEPES; Life Technologies, USA) supplemented with 2.5% h.i. human serum (HS; PanBi-
otech, Germany), 1x Penicillin/Streptomycin (P/S; Sigma-Aldrich, Germany), and 50 um B-
Mercaptoethanol (B-ME; Merck, Germany), washed once, counted and used for down-

stream assays.

[00153] Synthetic peptides

[00154] The following HLA-class Il peptides were used for the stimulations: MHC
class Il pool (HCMVA pp65 aa 109-123 MSIYVYALPLKMLNI (SEQ ID No. 13), HCMV
pp65 aa 366-382 HPTFTSQYRIQGKLEYR (SEQ ID No. 14), EBVB9 EBNA2 aa 276-290
PRSPTVFYNIPPMPL (SEQ ID No. 15), EBVB9 EBNA1 aa 514-527 KTSLYNLRRGTALA
(SEQ ID No. 16), EBV BXLF2 aa 126-140 LEKQLFYYIGTMLPNTRPHS (SEQ ID No. 17),
EBV BRLF1 aa 119-133 DRFFIQAPSNRVMIP (SEQ ID No. 18), EBVB9 EBNA3 aa 381-
395 PIFIRRLHRLLLMRA (SEQ ID No. 19), EBVB9 GP350 aa 167-181 STNITAV-
VRAQGLDV (SEQ ID No. 20), IABAN HEMA aa 306-318 PKYVKQNTLKLAT (SEQ ID No.
21) or CMVpp65 aa 510-524 YQEFFWDANDIYRIF (SEQ ID No. 22). All peptides were
synthesized and dissolved in water 10% DMSO.

[00155] Stimulation and cultivation of PBMCs
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[00156] PBMCs from donors previously screened for ex vivo CD4* T cell reactivi-
ties against MHC-class Il peptides were thawed and rested in T cell medium (TCM; IMDM
+ 1x P/S + 50uM B-ME + 10% h.i. HS) containing 1ug/mL DNase | (Sigma-Aldrich, Ger-
many) at a concentration of 2-3x10° cells/mL for 3h at 37°C and 7.5% CQO,. After resting,
cells were washed once, counted and up to 1x108 cells were labeled with 1.5-2 uM Car-
boxyfluorescein succinimidyl ester (CFSE; BioLegend, USA) in 1 mL PBS 1X for 20 min
according to the manufacturer’s protocol. The cells were washed twice in medium contain-
ing 10% FBS after CFSE labeling and incubated with 5 uM, 0.5 uM, or 0.05 uM of CD4-
Nb1, CD4-Nb4 or a control Nb for 1h at 37°C in serum-free IMDM medium. Concentra-
tions and duration were chosen to mimic the expected approximate concentration and se-
rum retention time during clinical application. After incubation, cells were washed twice,
counted and each condition was separated into three parts and seeded in a 48-well cell
culture plate (1.6-2.5x10° cellsiwell in triplicates). Cells were stimulated with either
10 pg/ml PHA-L (Sigma-Aldrich), 5 uyg/mL MHC class-1l peptide(s) or left unstimulated,
and cultured at 37°C and 7.5% COs.. 2 ng/mL recombinant human IL-2 (R&D, USA) were
added on days 3, 5, and 7. One third of the culture on day 4, one half of the culture on day
6 and day 8, and the remaining cells on day 12 were harvested, counted and stained for
flow cytometry analyses. For donor 1, the proliferation/activation status and cytokine pro-
duction were analyzed in two different experiments, whereas for donors 2 and 3, cells

from a single experiment were used for the three assays.

[00157] Assessment of T cell proliferation and activation

[00158] Cells from days 4, 6, and 8 were transferred into a 96-well round-bottom
plate and washed twice with FACS buffer (PBS + 0.02% sodium azide (Roth, Germany)
+2 mM EDTA (Sigma-Aldrich, Germany) +2% h.i. FBS). Extracellular staining was per-
formed with CD4 APC-Cy7 (RPA-T4, BD Biosciences), CD8 BV605 (RPA-T8, BioLegend),
the dead cell marker Zombie Aqua (BioLegend), CD25 PE-Cy7 (BC96, BioLegend), CD69
PE (FN50, BD Biosciences) and incubated for 20 min at 4°C. All antibodies were used at
pre-tested optimal concentrations. Cells were washed twice with FACS buffer. Approx.
500.000 cells were acquired on the same day using a LSRFortessaTM SORP (BD Biosci-
ences, USA) equipped with the DIVA Software (Version 6, BD Biosciences, USA). The
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percentage of proliferating CD4" cells was determined by assessment of CFSE negative

cells, activation by the percentage of CD69* or CD25".

[00159] Assessment of T cell function by intracellular cytokine staining

[00160] On day 12, the MHC class Il peptide(s)-stimulated and cultured cells
were transferred into a 96-well round-bottom plate (0.5 to 1x 10° cells/well) and restimu-
lated using 10 pg/ml of the same peptide(s), 10 pg/ml Staphylococcus enterotoxin B
(SEB, Sigma-Aldrich; positive control), or 10% DMSO (negative control). Protein transport
inhibitors Brefeldin A (10 pg/ml, Sigma-Aldrich) and Golgi Stop (BD Biosciences) were
added at the same time as the stimuli. After 14 h stimulation at 37°C and 7.5% CO., cells
were stained extracellularly with the fluorescently labeled antibodies CD4 APC-Cy7, CD8
BV605, and Zombie Aqua and incubated for 20 min at 4°C. After, cells were washed once,
then fixed and permeabilized using the BD Cytofix/Cytoperm solution (BD Biosciences)
according to the manufacturer’s instructions, stained intracellularly with TNF Pacific Blue
(Mab11), IL-2 PE-Cy7 (MQ1-17H12), IFN-y AlexaFluor 700 (4S.B7) and CD154 APC
(2431) antibodies (all BioLegend) 7° and washed twice. Approx. 500.000 cells were ac-
quired on the same day using a LSRFortessaTM SORP (BD Biosciences, USA), equipped
with the DIVA Software (Version 6, BD Biosciences, USA). All flow cytometry analyses
were performed with FlowJo version 10.6.2, gating strategies are shown in Fig. 9. Statisti-

cal analyses were performed with GraphPad Prism version 9.0.0.

[00161] Full blood stimulation and cytokine release assay

[00162] 100 pl of lithium-heparin blood was incubated for 1h at 37°C and 7.5%
CO:.. After, the blood was stimulated with 5 uM Nb (CD4-Nb1, CD4-Nb4 or control Nb),
with 100 ng/mL LPS (Invivogen, USA), or with 2 pg/mL PHA-L in a final volume of 250 pl
(serum-free IMDM medium), or left unstimulated for 24 h at 37°C and 7.5% CO.. After two
centrifugations, supernatant was collected without transferring erythrocytes. The superna-
tants were frozen at -80°C until cytokine measurements. Levels of IL-1B, IL-1Ra, I1L-4, IL-
6, IL-8, IL-10, IL-12p70, IL-13, GM-CSF, IFNy, MCP-1, MIP-1B, TNFa and VEGF were de-

termined using a set of “in house developed” Luminex-based sandwich immunoassays
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each consisting of commercially available capture and detection antibodies and calibrator
proteins. All assays were thoroughly validated ahead of the study with respect to accu-
racy, precision, parallelism, robustness, specificity and sensitivity. Samples were diluted at
least 1:4 or higher. After incubation of the pre-diluted samples or calibrator protein with the
capture coated microspheres, beads were washed and incubated with biotinylated detec-
tion antibodies. Streptavidin-phycoerythrin was added after an additional washing step for
visualization. For control purposes, calibrators and quality control samples were included
on each microtiter plate. All measurements were performed on a Luminex FlexMap® 3D
analyzer system, using Luminex xPONENT® 4.2 software (Luminex, Austin, TX, USA).
For data analysis MasterPlex QT, version 5.0 was employed. Standard curve and quality
control samples were evaluated according to internal criteria adapted to the Westgard

Rules to ensure proper assay performance.

[00163] Analysis of cross-species reactivity binding to mouse CD4* cells by flow

cytometry

[00164] Mouse CD4* cells were isolated from spleen and lymph nodes of
C57BL/6N mice by positive selection over CD4 magnetic microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany). Human CD4* cells were extracted from blood using
StraightFrom® Whole Blood CD4 MicroBeads (Miltenyi Biotech). Single cell suspensions
were incubated with 0.75 pg/ml of CD4-Nbs-Cy5.5 (~47 — 60 nM) or GFP-Nb-Cy5.5 (~51
nM) in 1% foetal calf serum/PBS at 4°C for 20 min and subsequently analyzed on an LSR-

Il cytometer (BD biosciences).

[00165] Optical Imaging of CD4-expressing HPB-ALL tumors

[00166] Human T cell leukemia HPB-ALL cells (German Collection of Microor-
ganisms and Cell Cultures GmbH, DSMZ, Braunschweig, Germany) were cultured in
RPMI-1640 supplemented with 10% foetal calf serum and 1% penicillin/streptomycin. 107
HPB-ALL cells were injected s.c. in the right upper flank of 7-week-old NOD SCID gamma
mice (NSG, NOD.Cg-Prkdc>® [[2rg'™""™/SzJ), Charles River Laboratories, Sulzfeld, Ger-

many) and tumor growth was monitored for 2-3 weeks. When tumors reached a diameter
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~7 mm, 5 ug of CD4-Nbs-Cy5.5 or control Nb (GFP-Nb-Cy5.5) were administered into the
tail vein of 2 mice each. Optical imaging (Ol) was performed repetitively in short-term
isoflurane anesthesia over a period of 24 h using the IVIS Spectrum In Vivo Imaging Sys-
tem (PerkinElmer, Waltham, MA, USA). Four days after the first Nb administration, the
CD4-Nbs-Cy5.5 groups received the GFP-Nb-Cy5.5 (and vice versa) and tumor biodistri-
bution was analyzed identically by Ol over 24 h. After the last imaging time point, animals
were sacrificed and tumors were explanted for ex vivo Ol analysis. Data were analyzed
with Living Image 4.4 software (PerkinElmer). The fluorescence intensities were quantified
by drawing regions of interest around the tumor borders and were expressed as average
radiant efficiency (photons/s)/(uW/cm?) subtracted by the background fluorescence signal
before Nb injection. All experiments were performed according to the German Animal Pro-

tection Law and were approved by the local authorities (Regierungsprasidium Tubingen).

[00167] Immunofluorescence Staining of Explanted Xenograft Tumors

[00168] Freshly frozen 5-um sections of hCD4-Nb1-Cy5.5-containing mouse tu-
mors were analyzed using an LSM 800 laser scanning microscope (Zeiss). Afterward, the
sections were fixed with perjodate-lysine-paraformaldehyde, blocked using donkey serum,
and stained with primary rabbit-anti-CD4 antibody (Cell Marque, USA). Bound antibody
was visualized using donkey-anti-rabbit-Cy3 secondary antibody (Dianova, Germany).
YO-PRO-1 (Invitrogen, USA) was used for nuclear staining. Acquired images of the same

areas were manually overlaid.

[00169] Radiolabeling with NODAGA and %Cu

[00170] All procedures for conjugation and radiolabeling with ®*Cu were per-
formed using metal-free equipment and Chelex 100 (Sigma-Aldrich) pretreated buffers.
Azide-modified Nbs (100 pg) were treated with 4 yl of 5 mM EDTA in 250 mM sodium ac-
etate buffer (pH 6) for 30 min at room temperature (RT). The protein was reacted with 15
molar equivalents of BCN-NODAGA (CheMatech, Dijon, France) in 250 mM sodium ace-
tate pH 6 for 30 min at RT followed by incubation at 4°C for 18 h. Excess of chelator was
removed by ultrafiltration (Amicon Ultra 0.5 ml, 3 kDa MWCO, Merck Millipore) using the
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same buffer. [**Cu] CuCl; (150 MBq in 0.1 M HCI) was neutralized by addition of 1.5 vol-
umes of 0.5 M ammonium acetate solution (pH 6), resulting in a pH of 5.5. To this solu-
tion, 50 ug of conjugate was added and incubated at 42°C for 60 min. Then, 1 ul of 20%
diethylenetriaminepentaacetic acid (DTPA) solution was added to quench the labeling re-
action. Complete incorporation of the radioisotope was confirmed after each radiosynthe-
sis by thin-layer chromatography (iTLC-SA; Agilent Technologies; mobile phase 0.1 M cit-
ric acid pH 5) and high-performance size exclusion chromatography (HPSEC; BioSep
SEC-s2000, 300 x 7.8 mm, Phenomenex; mobile phase DPBS with 0.5 mM EDTA). All ra-
diolabeled preparations used for in vivo PET imaging had radiochemical purities of 297%
(iTLC) and 294% (HPSEC).

[00171] [n Vitro Radioimmunoassay

[00172] Here, 10" HPB-ALL or DHL cells were incubated in triplicate with 1 ng (3
MBa/ug) of radiolabeled ®*Cu-CD4-Nb1 or Cu-GFP-Nb for 1 h at 37°C and washed twice
with PBS/2% FCS. The remaining cell-bound radioactivity was measured using a Wizard
2480 gamma counter (PerkinElmer Inc., Waltham, MA, USA) and quantified as percent-

age of total added activity.

[00173] PET/MRI

[00174] Human CD4 knock-in (hCD4KI, genOway, Lyon, France) and wt
C57BL/6J mice (Charles River) were injected intravenously with 5 ug (~15 MBq) of ®*Cu-
CDA4-Nb1. During the scans, mice were anesthetized with 1.5% isoflurane in 100% oxygen
and warmed by water-filled heating mats. Ten-minute static PET scans were performed
after 1.5, 3, 6, and 24 h in a dedicated small-animal Inveon microPET scanner (Siemens
Healthineers, Knoxville, TN, USA,; acquisition time: 600 s). For anatomical information, se-
quential T2 TurboRARE MR images were acquired immediately after the PET scans on a
small animal 7 T ClinScan magnetic resonance scanner (Bruker BioSpin GmbH, Rhein-
stetten, Germany). Dynamic PET data of the first 90 min post injection were gained in two
mice and divided into 10-min frames. After attenuation correction by a cobalt-57 point

source, PET images were reconstructed using an ordered subset expectation
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maximization (OSEM3D) algorithm and analyzed with Inveon Research Workplace (Sie-
mens Preclinical Solutions). The volumes of interest of each organ were drawn based on
the anatomical MRI to acquire corresponding PET tracer uptake. The resulting values
were decay-corrected and presented as percentage of injected dose per volume (%ID/ml).
Ex vivo g-counting was conducted after the last imaging time point by measuring the
weight and radioactivity of each organ. For quantification, standardized aliquots of the in-

jected radiotracer were added to the measurement.

[00175] Analyses and Statistics

[00176] Data analysis of the flow cytometry data was performed with the FlowJo
Software Version 10.6.2 (FlowJo LLT, Ashland, Oregan, USA) and graph preparation and
statistical analysis was performed using the GraphPad Prism Software (Version 8.3.0 or
higher).

[00177] Results

[00178] Generation of high-affinity CD4 nanobodies

[00179] To generate Nbs directed against human CD4 (hCD4), an alpaca (Vi-
cugna pacos) was immunized with the recombinant extracellular portion of hCD4 following
an 87-day immunization protocol. Subsequently, a Nb phagemid library was generated
comprising ~4 x 107 clones that represent the full repertoire of variable heavy chains of
heavy-chain antibodies (VHHs or Nbs) of the animal. Phage display was performed using
either passively adsorbed purified hCD4 or CHO cells stably expressing full-length human
CD4 (CHO-hCD4 cell line). Following two cycles of phage display for each condition, a to-
tal of 612 individual clones were analyzed by whole-cell phage ELISA and identified 21
positive binders. Sequence analysis revealed 13 unique Nbs representing five different B-
cell lineages according to their complementarity determining regions (CDR) 3 (Fig. 1 A).
One representative Nb of each lineage, termed CD4-Nb1 — CD4-Nb5, was expressed in
bacteria (E. coli) and isolated with high purity using immobilized metal ion affinity chroma-
tography (IMAC) followed by size exclusion chromatography (SEC) (Figure 1 B). To test
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whether selected Nbs are capable of binding to full-length hCD4 localized at the plasma
membrane of mammalian cells, live-cell staining of CHO-hCD4 cells was performed (Fig-
ure 1 C). Executed at 4°C, images show staining of the plasma membrane, whereas at
37°C, the fluorescent signal localized throughout the cell body, presumably a conse-
guence of endocytotic uptake of receptor-bound Nbs. CHO wt cells were not stained by
any of the five CD4-Nbs at both temperatures (data not shown). CD4-Nb1 and CD4-Nb3,
both identified by whole-cell panning, displayed strong staining of CHO-hCD4 cells. Of the
Nbs derived from panning with recombinant hCD4, CD4-Nb2 also showed strong cellular
staining, whereas staining with CD4-Nb4 revealed weak signals and CD4-Nb5 showed no
staining under these conditions and was consequently excluded from further analyses
(Figure 1 C).

[00180] To quantitatively assess affinities, biolayer interferometry (BLI) measur-
ing serial dilutions of Nbs were performed on the biotinylated extracellular domain of
hCD4 immobilized at the sensor tip. For CD4-Nb1 and CD4-Nb2, determined KD values
were in the low nanomolar range with ~5 and ~7 nM, respectively, while CD4-Nb3 and
CD4-Nb4 displayed lower affinities of 75 nM and 135 nM, respectively (Figure 1 D, Table
1, Fig. 6A). In addition, corresponding EC50 values were determined with full-length
plasma membrane-located hCD4 on HEK293-hCD4 cells by flow cytometry. In accord-
ance with cellular staining and biochemically determined affinities these values revealed a
strong functional binding for CD4-Nb1 and CD4-Nb2 with EC50 values in the subnanomo-
lar range (~0.7 nM), whereas CD4-Nb3 and CD4-Nb4 displayed substantially lower cellu-
lar affinities (Figure 1 E, Table 1, Fig. 6A). Here, exemplarily, four CD4-Nbs were gener-
ated that bind isolated as well as cell-resident hCD4. While CD4-Nb4 appeared less af-
fine, CD4-Nb1 and CD4-Nb2 displayed high affinities in the low nanomolar range.

[00181] Domain mapping

[00182] Next, enzymatic coupling was applied using sortase A for site-directed
functionalization of CD4-Nbs. Thereby, peptides conjugated to a single fluorophore were
linked to the C-terminus of CD4-Nbs yielding a defined labeling ratio of 1:1 42. Live-cell
immunofluorescence imaging employing CD4-Nbs sortase-coupled to the fluorescent dye
CF568 showed that all CD4-Nbs retained their capability of binding to cell-resident hCD4
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of CHO-hCD4 cells (data not shown). In order to localize the binding site of the selected
CD4-Nbs, domain-deletion mutants of hCD4 were generated. Expression and surface lo-
calization of these mutants was confirmed by staining with antibody RPA-T4 binding to do-
main D1 of CD4. For mutants lacking domain D1, an N-terminal BC2 tag 43 was intro-
duced to allow for live-cell surface detection with a fluorescently labeled bivBC2-Nb 42
(data not shown). Transiently expressed domain-deletion mutants were tested for binding
of CF568-labeled CD4-Nbs by live-cell immunofluorescence imaging. As control a non-
specific fluorescently labeled GFP-binding Nb (GFP-Nb) was added (Figure 2 A, and data
not shown).

[00183] Based on these results binding of CD4-Nb1 and CD4-Nb3 was allocated
to domain D1, whereas CD4-Nb2 and CD4-Nb4 bind to domain D3 and/or D4 of hCD4.
No binding of the GFP-Nb was detected. To further examine combinatorial binding of the
different CD4-Nbs, epitope binning analysis was performed by BLI. Recombinant full-
length hCD4 was immobilized at the sensor tip and combinations of CD4-Nbs were al-
lowed to bind consecutively (Fig. 7). Unsurprisingly, CD4-Nbs binding to different do-
mains, displayed combinatorial binding. Interestingly a simultaneous binding was detected
for the combination of CD4-Nb1 and CD4-Nb3, both targeting domain D1 of hCD4 indicat-
ing that both CD4-Nbs bind to different epitopes within domain D1. In contrast, simultane-
ous binding for CD4-Nb2 and CD4-Nb4 was not observed, suggesting the possibility of
close-by or overlapping epitopes at domains D3/4 for the latter Nb pair. To further support
these findings and more precisely localize the respective binding sites, a hydrogen-deuter-
ium-exchange (HDX) mass spectrometry analysis of hCD4 bound to CD4-Nb1, CD4-Nb2
or CD4-Nb3 (Figure 2 B-E) was conducted. Due to its low affinity, CD4-Nb4 was not sub-
jected to HDX-MS analysis. In accordance with data obtained from immunofluorescence
staining of the domain-deletion mutants and the combinatorial binding analysis, binding of
CD4-Nb1 and CD4-Nb3 protected sequences of domain D1 from HDX, whereas CD4-Nb2
protected sequences of domain D3 and D4 of hCD4 (Figure 2 B).

[00184] Results obtained for binding of CD4-Nb1 (Figure 2 C) are similar to
those of CD4-Nb3 (Figure 2 D) in that binding of either Nb decreases exchange in the se-
quence ranging from amino acid residue (aa) T17 through N73, albeit with a differing ex-

tent of protection at individual sequence sections. For CD4-Nb1 the greatest protection
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from HDX was observed for sequence ranging from aa K35 — L44 corresponding to B
strand C” and C™" of the immunoglobulin fold of domain D1 and residues aa K46 — K75,
comprising B strands D and E. In contrast, binding of CD4-Nb3 confers only a minor re-
duction in HDX within the latter sequence, but additionally protects sequence aa C84 —
E91, which correspond to B strands G and F and their intermediate loop. Binding of CD4-
Nb2 protects sequences aa W214 — F229 (B strands C and C") and aa K239 - L259 (B
strands C"’-E), and to a minor extend sequence aa R293 - L296 as part of B strands A of
domain D4 (Figure 2 E). In summary, CD4-Nb1 and CD4-Nb3 are able to simultaneously
bind their epitopes located in domain D1 of hCD4, whereas the epitope of CD4-Nb2 is
mainly located at domain D3. Based on the inability of CD4-Nb4 to bind hCD4 simultane-
ously with CD4-Nb2 it was assessed that the latter two Nbs possess close-by or overlap-

ping epitopes.

[00185] Binding of CD4-Nbs to human PBMCs

[00186] Having demonstrated that all selected Nbs bind to recombinant and ex-
ogenously overexpressed cellular hCD4, next, their capability and specificity of binding to
physiologically relevant levels of endogenous CD4 on human PBMCs were determined.
Human peripheral blood mononuclear cells (PBMCs) from three donors were co-stained
with CD4-Nbs1-4 coupled to CF568 (100 nM for high-affine CD4-Nb1 and CD4-Nb2; 1000
nM for low-affine CD4-Nb3 and CD4-Nb4) in combination with an anti-CD3 antibody and
analyzed the percentage of double-positive cells (CD3+CD4+) by flow cytometry (Figure 3
A, Fig. 8). Compared to staining with an anti-CD4 antibody as positive control, all CD4-
Nbs stained a similar percentage of cells for all tested donors, while the non-specific GFP-
Nb yielded a negligible percentage of double-positive cells even at the highest concentra-
tion (1000 nM) (Figure 3 B, Table 2). The analysis further revealed that, as observed with
a conventional anti-CD4 antibody, the CD4-Nbs stain a substantial proportion of CD3-
cells, indicating that all selected candidates are also able to recognize cells such as mon-

ocytes, macrophages, or dendritic cells that express lower levels of CD4.

[00187] Impact of CD4-Nbs on activation, proliferation and cytokine release of

CD4+ T and immune cells
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[00188] Towards the envisioned application as clinical imaging tracer, basic is-
sues associated with CD4-Nbs regarding their influence on the activation, proliferation and
cytokine release of CD4+ T cells were assessed. First, to exclude adverse effects of bac-
terial endotoxins present in the CD4-Nbs1-4 preparations, endotoxins were removed by
depletion chromatography to yield FDA acceptable endotoxin levels of <0.25 EU per mg
for CD4-Nb1, CD4-Nb4 and the non-specific GFP-Nb.

[00189] Consequently, these experimental studies were continued with CD4-
Nb1, CD4-Nb4 and GFP-Nb as control. In brief, carboxyfluorescein succinimidyl ester
(CFSE)-labeled human PBMCs from three pre-selected healthy donors were pre-treated
with CD4-Nbs or a control Nb at concentrations between 0.05 uM — 5 uM for 1 h at 37°C,
mimicking the expected approximate concentration and serum retention time during clini-
cal application. Cells were then washed to remove Nbs and stimulated with an antigenic
(cognate MHCII peptides) or a non-antigenic stimulus (phytohaemagglutinin, PHA-L) and
analyzed after 4, 6 and 8 days by flow cytometry with the gating strategy shown in Fig. 9A.
According to the highly similar CFSE intensity profiles observed, the total number of cell
divisions was not affected by the different Nb treatments (exemplarily shown for one of
three donors on day 6, Fig. 9 A). For samples of the same donor and time point, no sub-
stantial differences in the percentage of proliferated cells were observed between no Nb
addition and individual Nb treatments. Although varying between donors, for both stimuli,
the average percentage of proliferated cells increased over time without marked differ-
ences between conditions (Figure 4 A). As quantitative measure of T cell activation, also
the cell surface induction of a very early activation marker (CD69) and of the IL-2 receptor
a chain (CD25) on CD4+ T cells was determined (Figure 4 B). Among samples of the
same donor and stimulation, highly similar activation profiles for all Nb treatments were
found. While the percentage of CD25+ cells steadily increased over time for MHCII pep-
tide stimulation, for PHA-stimulated condition the percentage of positive cells was similarly
high at all times of analysis. Importantly, regardless of the differences between donors, at
no point in the analysis did individual Nb treatments from the same donor result in signifi-
cant differences in the percentage of CD4+CD25+ or CD4+CD69+ cells for both stimula-

tions.
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[00190] Next, cytokine expression of CD4+ T cells were analyzed by intracellular
cytokine staining after restimulation with cognate MHCII peptides. The corresponding gat-
ing strategy is shown in Fig. 9B. Samples of the same donor treated with different Nbs
had highly similar percentages of cytokine (TNF, IFN-y or IL-2) or activation marker
(CD154)-positive cells without stimulation and upon stimulation with MHCII peptides (Fig-
ure 4 C). Overall, exposure to CD4-Nbs did not affect proliferation, activation or cytokine
production of CD4+ T cells. In addition, potential effects of CD4-Nbs on the release of cy-
tokines from full-blood samples of three further donors were analyzed. Upon stimulation
with lipopolysaccharide (LPS) or PHA L, the serum concentrations were determined with a
panel of pro- and anti-inflammatory cytokines (Fig. 20B). Although there were significant
differences between donors for some cytokines, the presence of CD4-Nbs did not result in

significant differences in either stimulated or unstimulated samples (Fig. 10).

[00191] [n vivo optical imaging of CD4-Nbs

[00192] For optical in vivo imaging, CD4-Nbs were labeled with the fluorophore
Cy5.5 (CD4-Nb-Cy5.5) by sortase-mediated attachment of an azide group followed by
click-chemistry addition of DBCO-Cy5.5. First, potential cross-reactivity of the four Cy5.5-
labeled CD4-Nbs to murine CD4+ lymphocytes was tested. Notably, flow cytometric analy-
sis showed that none of the selected CD4-Nbs was able to bind murine CD4+ cells, sug-
gesting exclusive binding to human CD4. Moreover, low-affine binding CD4-Nb4 bound
neither mouse nor human CD4+ cells at the concentration used here (0.75 pg/ml, ~49 nM)
(Fig. 11). CD4-Nb1 as and CD4-Nb4 were further analyzed for their in vivo target specific-

ity and dynamic distribution using a murine xenograft model.

[00193] To establish human CD4+ expressing tumors, NSG mice were inocu-
lated subcutaneously with CD4+ T cell leukemia HPB-ALL cells 44. After 2 — 3 weeks
mice bearing HPB-ALL xenografts were injected with 5 ug of CD4-Nb1-Cy5.5, CD4-Nb4-
Cy5.5, or a control Nb (GFP-Nb-Cy5.5) and optically imaged in intervals over the course
of 24 h (Figure 5 A, Fig. 12 A). The Cy5.5 signal intensity (SI) of control Nb peaked within
10 — 20 minutes and rapidly declined thereafter to the half and quarter of maximum level
at 2 h and 24 h, respectively (Figure 5 B, Fig. 12 B). While the SI low-affinity CD4-Nb4-
Cy5.5 did not exceed the Sl of the control Nb at any time (Fig. 12 B), CD4-Nb1-Cy5.5
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reached the maximum S| within the HPB-ALL ~1.8-fold above the control Nb, at 30 min
and slowly declined to ~90% and ~80% of maximum after 2 and 4 hours, respectively
(Figure 5 B). Based on the differences in the Sl of the HPB-ALL xenografts of experi-
mental mice between CD4-Nb1-Cy5.5 and GFP-Nb-Cy5.5 as a basis, the optimal target
accumulation and specificity was observed between 60 and 120 min post injection (Figure
5 B). After 24 h, mice were euthanized, and presence of fluorophore-labeled CD4 Nbs
within the explanted tumors was analyzed by Ol (Figure 5 C, Fig. 12 C). Compared to
control, tumors from mice injected with CD4-Nb1-Cy5.5 had ~4-fold higher Cy5.5 SI, indi-
cating a good signal-to-noise ratio for the Nb-derived fluorescently labeled immunoprobe

even at later time points.

[00194] To confirm CD4-specific targeting of CD4-Nb1 within the xenograft, ex
vivo immunofluorescence of HPB-ALL tumors at 2 hours and 24 hours post injection was
performed (Fig. 13). At the early time point, when the in vivo Ol signal peaked, CD4-Nb1
was widely distributed throughout the whole tumor whereas no Cy5.5 signal was detected
in the GFP-Nb-injected mice (Fig. 13 A, B). Semiquantitative analysis at the single-cell
level revealed intense CD4-Nb1 binding at the surface of HBP-ALL cells that correlated
with the CD4 antibody signal and internalization of CD4-Nb1 in some cells (Fig. 13 C).
Upon administration of unrelated GFP-Nb, no Nb binding was observed (Fig. 13 D). 24
hours post injection regions of strongly internalized CD4-Nb1 (Fig. 13 E, G) were ob-

served, but also regions showing a low residual CD4-Nb1 uptake (Fig. 13 E, H).

[00195] The optical imaging data from the xenograft model clearly indicates that
the high-affinity CD4-Nb1 but not CD4-Nb4 is suitable to specifically visualize CD4+ cells
in vivo within a short period (30—120 min) after administration. Since this model does not
reflect the natural distribution of CD4+ T cells in an organism, it was continued with a
model that allowed to visualize the physiological composition of CD4+ immune cells. Thus
a humanized CD4 murine knock-in model (hCD4KI) was employed in which the extracellu-
lar fraction of the mouse CD4 antigen was replaced by the hCD4 while normal immuno-

logical function and T-cell distribution is restored.

[00196] ®4Cu-CD4-Nb1 Specifically Accumulates in CD4+ T Cell-Rich Organs
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[00197] To generate immunoPET compatible tracers, CD4-Nb1 and GFP-Nb
were labeled with the PET isotope 64Cu using a copper-chelating BCN-NODAGA group
added to the azide-coupled Nbs. Radiolabeling yielded high radiochemical purity (=95%)
and specific binding of #Cu-hCD4-Nb1 to CD4-expressing HBP-ALL cells (46.5% + 5.6%)
in vitro that was ~30 times higher than the non-specific binding to CD4-negative DHL cells
or of the radiolabeled 64Cu-GFP-Nb control (data not shown). Subsequently, *4Cu-CD4-
Nb1 was injected i.v. in hCD4KI and wt C57BL/6 mice and PET/MRI was performed repet-
itively over 24 h. In two of the hCD4KI animals, tracer biodistribution over the first 90 min
was additionally followed by dynamic PET. As expected for small-sized immunotracers,
after an initial uptake peak within the first 10 min, 64Cu-CD4-Nb1 was rapidly cleared
from the blood, lung, and liver via renal elimination. In comparison to wild type, mice carry-
ing the hCD4 antigen on T cells showed an increased tracer accumulation in lymph
nodes, thymus, liver, and spleen (see Fig. 23A). In these organs, which are known to har-
bor high numbers of CD4+ T cells, discrimination of CD4+-specific signal from organ
background was optimal 3 h post injection (see Fig. 23B). Here, lymph nodes yielded a
~3-fold, spleen a ~2.5-fold, and liver a ~1.4-fold higher ®4Cu-CD4-Nb1 accumulation in
hCD4KI mice compared to wt littermates (see Fig. 23C). In contrast, similar uptake levels
for blood, muscle, lung, and kidney were observed in both groups. Analyzing ex vivo bio-
distribution 24 h post tracer injection confirmed persistent accumulation of %Cu-CD4-Nb1
in lymph nodes and spleen of hCD4-expressing mice, although the limited number of ani-

mals per group did not allow statistical analysis.

[00198] The above data strongly indicate that high-affinity binding CD4-Nb1 is
suitable for visualizing CD4" cells in vivo by non-invasive optical imaging and PET-based

imaging.

[00199] Targeted Modification/functionalization of CD4-Nb1

[00200] To enable targeted modification/functionalization specifically at the avail-
able N-terminal amino group using amine-reactive crosslinkers, we replaced all lysine res-
idues with arginine residues in CD4-Nb1. The mutant version of the nanobody was readily
expressed in bacteria and yielded similar production levels to its non-mutated counterpart.

For functional analysis, we measured the binding affinity of the mutant nanobody using
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biolayer interferometry. Exchange of lysine residues for arginine residues (leading to se-
quence: EVQLVESGGG LVQPGGSLRL SCAASGFTFS RLAMSWHREP PGRGREWLAD
IDSSGDTTDY LASVRGRFTI SRDNARNTLY LQMDSLRSED TGVYYCASRE
DPPGYWGQGT QVTVSS (SEQ ID No. 156)) had no effect on binding properties, as re-
flected by an affinity (Kp) of the mutant CD4-Nb1 for human CD4 of ~ 1 nM, which is com-
parable to the affinity previously determined for the non-mutated CD4-Nb1 (Kb 5.1 nM)
(see Fig. 24).

[00201] Summarizing discussion

[00202] In the invention presented herein, CD4 Nbs were developed, which can
be used — as biologically inert nanobodies — e.g. as novel immunoprobes for visualization
and monitoring of human CD4+ T cells in various biomedical research applications, focus-
ing on non-invasive in vivo imaging. Beyond application as a diagnostic agent, CD4-Nbs
offer various therapeutic opportunities. Considering the cellular function of CD4, a detailed
epitope characterization is of particular interest as Nbs might modulate endogenous CD4
depending on their recognized epitope, e.g. by affecting transient interactions e.g. as they
occur between CD4 and the MHCII complex or through blockade of ligand binding. While
the MHC-II binding is located to the domain D1 of the CD4 antigen, T cell activation is ab-

rogated when TCR and CD4 colocalization is blocked via domain.

[00203] From the data generated with the present invention, it can be concluded
that the newly generated Nbs are biologically inert and thus beneficial compared to full
length antibodies or other antibody fragments. Also, the provided data prove that the
newly generated CD4-Nbs are suitable probes for in vivo imaging. Considering that the
selected CD4 Nbs bind exclusively to human CD4 but not to the homolog in mice, a xeno-
graft mouse model was used in which a CD4+ T leukemia tumor model was implemented
based on human derived HBP-ALL cells. Using this model, the specific enrichment of the
high affine CD4-Nb1 on HBP-ALL derived xenografts could be monitored by optical in vivo

imaging.
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[00204] 2. Targeting of CD4+ T cells by nanobody-modified AAV2 gene

therapy vectors

[00205] Material and methods

[00206] Plasmid construcution

[00207] The plasmid pAAV2/2 (Addgene #104963) encoding wildtype AAV2
rep/cap genes served as a starting point for capsid optimization and blinding. Amino acid
substitutions for capsid optimization (Y444F, T491V, Y500F and Y730F), as well as dis-
ruption (blinding) of the primary natural AAV2 heparan sulfate proteoglycan (HSPG) bind-
ing site (R585A and R588A) have been described before. Genetic modification of the re-
spective nucleotides was conducted by site-directed mutagenesis (SDM) PCR using DNA
oligonucleotides in a back-to-back orientation (oligonucleotides oMH19 - oMH27;Fig. 22)
and Q5 DNA polymerase (New England Biolabs); PCR program: initial denaturation 2 min
8°C, 18 cycles denaturation 10” 98°C, annealing 30” 55°C, elongation 6 min 72°C, and fi-
nal elongation 3 min 72°C. PCR was followed by a “one pot” reaction including a Dpnl
(Thermo Fisher Scientific) digest, 5’ end phosphorylation with T4 Polynucleotide Kinase
(New England Biolabs) and T4 DNA ligation (Thermo Fisher Scientific). After transfor-
mation into E. coli and plasmid isolation, the introduced nucleotide changes were verified
by Sanger sequencing. Sequential rounds of SDM reactions yielded the construct
pAAV2/2-0, encoding AAV2 capsid proteins with all four optimizations, as well as
pAAV2/2-bo, encoding all four optimizations plus two HSPG-blinded amino acid substitu-

tions.

[00208] AAV2 cap expression yields three capsid proteins, VP1-3: VP1 is trans-
lated from unspliced mMRNA, whereas V2 and V3 are translation products from spliced
mRNA. In order to achieve only VP1 expression, the major splice acceptor (SA) site was
mutated. As described above, SDM PCR (oligonucleotides oMH47 and oMH48; see Fig.
22) with amplicon ligation and subsequent construct verification was performed, yielding
the construct pAAV2/2-bo-SA. In contrast, after mutation of the AAV2 cap start codon (sc),

the nascent construct allows only for VP2 and VP3 expression. Analogous to the protocol
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above, pAAV2/2-bo-sc was generated using oligonucleotides oMH45 and oMH46 (see
Fig. 22).

[00209] Generation of VP1-modified nanobody constructs

[00210] Nanobody and linker sequences were genetically inserted within the
GH2/GHS surface loop region of VP1. To achieve this a Notl recognition site at the re-
spective location within cap was introduced into pAAV2/2-bo-SA (SDM PCR with oMH67
and oMH®68). In parallel to the subsequent ligation reaction, the 5’ linker sequence was in-
troduced by a pair of annealed oligonucleotides (o0MH69 and oMH70; see Fig. 22), yield-
ing pAAV2/2-bo-SA-target-vector.

[00211] Nanobody and the 3’ linker sequences were subsequently introduced by
Gibson assembly following the manufacturer’s instructions (Gibson Assembly Master Mix,
NEB), using the Notl/Xcml linearized pAAV2/2-bo-SA-target-vector fragment and a single
PCR fragment comprising the monovalent nanobody, 3’ linker and cap sequences were
ligated to the cap internal Xcml restriction site (insert fragment). To generate this insert
fragment, two single PCR amplicons were fused by overlap extension PCR. First, nano-
body sequences were PCR amplified from the above mentioned plasmids, using PCR oli-
gos containing 5 homology to the target vector (forward oligo) as well as the 3’ linker se-
quence plus 3’ homology to the target vector (reverse oligo)(oligos for each nanobody
listed in see Fig. 22). The second PCR fragment spanning the 3’ linker sequence to the

Xcml site within cap was generated using oligos oMH85/86.

[00212] The resulting VP1-modified nanobody constructs (VP1-CD4 -Nb1, -
Nb1a, -Nb3, -Nb4 and PepNb) were verified by sequencing. The amino acid sequence of

the final constructs is provided in see Fig. 21.

[00213] Generation of VP2-modified nanobody constructs

[00214] First, the optimized and blinded VP2 open reading frame was PCR-am-

plified with DNA oligonucleotides introducing flanking Xbal and BamH]I restriction sites
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from AAV2/2-bo cDNA (oligonucleotides: oMH16 and oMH18; see Fig. 22). After
Xbal/BamHI amplicon digestion, the respective fragment was ligated into the Xbal/BamHI
linearized pBC12/CMYV vector backbone, resulting in construct pBC12-CMVint-VP2. Next,
nanobody sequences were genetically fused via a linker sequence to the 5 end of the
VP2 open reading frame in order to achieve expression of amino-terminal nanobody-
linker-VP2 fusion peptides. To this end, a three fragment ligation strategy was applied
comprising the Hindlll/Xbal linearized pBC12-CMVint-VP2 vector fragment, the linker frag-
ment consisting of the annealed oligonucleotides oMH33 and oMH34 with Xbal/Xhol-com-
patible ends, and the nanobody PCR insert fragment with Xhol/Hindlll compatible ends
(nanobody-specific oligonucleotides used for PCR amplification are listed in Fig. 22). All
final constructs (VP2-CD4-Nb1, -Nb1a, -Nb3, -Nb4, -Nb5 and PepNb) were verified by
Sanger sequencing. The amino acid sequences of the final constructs are provided in Fig.
21.

[00215] Generation of VP1-modified bivalent nanobody constructs

[00216] Tandem VP1-biCD4-Nb1 and control VP1-biPepNB constructs were
generated from synthesized DNA fragments (GeneArt, Sigma-Aldrich) containing
Notl/Xcml restriction sites, linker sequences flanking each nanobody and VP1 sequences
with optimized and blind modifications. Both GeneArt synthesis plasmids and pAAV2/2-
bo-SA-target vector were digested with Notl/Xcml and the bivalent nanobody insert was
ligated into the VP1-vector, resulting in pAAV2/-bo-SA-VP1-biCD4 and -biPepNB. Final
constructs were verified by DNA sequencing. The amino acid sequence is provided in Fig.
21.

[00217] Cell culture

[00218] All cell lines used in this study were described before and cultivation was
performed under standard conditions in humidified atmosphere at 37°C and 5% CO.. Ad-
herent cell lines HEK 293T (ATCC: CRL-3216), HeLa (ATCC: CCL-2) and HeLa TZMbl
(NIBSC: ARP5011) were passaged using 0.05% trypsin-EDTA (Pan Biotech) and cultured

in DMEM growth medium (Pan Biotech) supplemented with 10% foetal calf serum
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(Biochrom), 2 mM L-glutamine and 50 U/ml penicillin/streptomycin antibiotics (Biochrom).
Suspension T cell lines SupT1 (ATCC: CRL-1942) and Jurkat 1G5 (NIBSC: 5010) were
cultivated in RPMI 1640 growth medium (Biozyme Scientific) supplemented with 10% foe-

tal calf serum (Pan Biotec) and 50 U/ml penicillin-streptomycin.

[00219] Peripheral blood mononuclear cells (PBMC) were isolated from buffy
coats of healthy donors. Isolation of CD4+ T cells from buffy coats was carried out using
the RoboSep negative selection human CD4+ T cell enrichment kit in conjunction with a
RoboSep automated cell separator (Stemcell Technologies) according to the manufac-
turer’s instructions. Isolated cells were cultivated in RPMI 1640 (Biozyme Scientific) sup-
plemented with 10% FCS, with 100 U/ml penicillin-streptomycin, 2 mM L-glutamine and
500 U/ml recombinant human IL-2 (Sigma-Aldrich).

[00220] AAV particle production, purification and quantification

[00221] AAV production in HEK293T cells via polyethylenimin (PEI; Sigma-Al-
drich) transfection was performed as described before. Briefly, 1 day post transfection
4x10° cells were seeded per 10 cm dish. Transfection was conducted with a 4:1 PEI:DNA
ratio in Opti-MEM (Life Technology) with a total of 10.5 pg plasmid DNA per dish (i.e. 42
Mg PEL:10.5 ug DNA). The PEI transfection protocol was conducted following the manu-
facturer’s instructions in a final volume of 6 mL per dish. In all co-transfection reactions the
helper plasmid pAdDeltaF6 (Addgene #112867) and the AAV2 vector genome pscAAV-
CAG-GFP (Addgene #83279) encoding the GFP transgene under a constitutive CAG pro-
moter were included. Further plasmids were added to the mix as required (opt: pAAV2/2-
0; opt-blind: pAAV2/2-bo; VP1-nanobody: pAAV2/2-bo-sc + pAAV2/2-bo-SA-VP1-NbX;
VP2-nanobody: pAAV2/2-bo + pBC12-CMVint-VP2-NbX). All plasmids were co-trans-
fected in equimolar quantities. Thirty hours post transfection, 6 mL of fresh medium was
added to the cultures. Three days post transfection, cells were scraped off the dish and
combined with the supernatant. After centrifugation (15 min, 2,800 x g), supernatant was
discarded, the cell pellet resuspended in 800 L lysis buffer (150 mM NaCl, 50 mM Tris-
HCI pH 8.0 in water) and transferred into a 1.5 mL reaction tube. Three cycles of
freeze/thaw (-80°C for 20 min and 37°C for 5 min) opened the cells and released internal
AAV particles. Subsequent benzonase treatment (50 U, 37°C, 1 h; Sigma-Aldrich)
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reduced residual plasmid DNA contamination. After separation from cell debris (20,000 x
g, 4°C, 15 min), aliquots of the resulting crude AAV supernatant was stored at -80°C until

use.

[00222] For experiments with primary human cells (i.e. CD4+ T cells and PBMC),
iodixanol gradient purification of crude AAV supernatant was conducted. After large scale
production of crude AAV supernatant (twenty 10 cm dishes, 9 mL lysis buffer, 450 U ben-
zonase), 9 mL of crude AAV supernatant was purified over an iodixanol step gradient as
described before. After ultracentrifugation (4°C, 350,000 x g, 90 min; Beckman 70 Ti rotor)
the 40% iodixanol fraction containing the AAV2 particles was collected with a needle and
syringe. Washing, PBS-Pluronic F68 buffer (Gibco) exchange and further concentration
was achieved by filter column centrifugation (Amicon Ultra-15, 100 kDa MWCO; Sigma-

Aldrich). Aliquots of purified AAV supernatants were stored at -80°C until use.

[00223] Viral titers were determined by gPCR for all AAV supernatants. For
this, 1 uL of the AAV supernatant was subjected to DNasel and a subsequent Proteinase
K treatment, to eliminate residual plasmid DNA contamination and release viral vector ge-
nomes from the capsids. A 100 pL reaction containing 1 uL AAV supernatant (10 U
DNasel in 1x DNasel buffer; New England Biolabs) was incubated at 37°C for 16 h fol-
lowed by DNasel inactivation at 75°C for 30 min. Next, 2 yL of Proteinase K (20mg/mL;
QIAGEN, Hilden Germany) was added and incubated at 55°C for 2 h. Proteinase K was
inactivated at 95°C for 30 min. From this reaction, 1 uL was subjected to absolute quantifi-
cation of vector genomes using a plasmid standard as reference (pscAAV-CAG-GFP).
The Platinum® SYBR® Green qPCR SuperMix-UDG kit (Thermo Fisher Scientific; Wal-
tham, MA) was used according to the manufacturers’ instructions in combination with an
Applied Biosystem 7500 real-time PCR cycler (QPCR program: initial denaturation 95°C 3
min; 40 cycles of denaturation 95°C 15” and annealing/elongation 60°C 30, and a subse-
quent melting curve; oligonucleotides oMH93 and oMH94 are listed in Fig. 22). Capsid
quantification from iodixanol step gradient-purified vector preparations were conducted us-
ing an AAV2 titration ELISA kit (PROGEN, Heidelberg, Germany) following manufacturer’s
instructions.

[00224] Immuno-gold electron microscopy
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[00225] lodixanol step gradient purified AAV2 samples were adsorbed to glow
discharged carbon coated grids for 10 min. After incubation with blocking solution for pro-
tein A/G gold conjugates (AURION, Wageningen, The Netherlands) for 5 min, samples
were incubated with the primary antibody (10 pg/mL, polyclonal goat anti-alpaca I1gG;
Jackson ImmunoResearch, West Grove, PA) for 30 min followed by 5 min washing. Sub-
sequently, the secondary antibody was added for 15 min (1:10, rabbit anti-goat IgG 10 nm
gold-conjugated; Sigma-Aldrich, Hamburg, Germany). After washing with ddH,O, samples
were stained with 1% uranyl acetate and air dried. Transmission electron micrographs
were taken with a FEI Tecnai G20 equipped with an Olympus Veleta CCD camera at 80

kV. Representative images with corresponding scale bars were cropped for clarity.

[00226] Western Blot

[00227] Capsid composition was analysed by Western Blot. lodixanol-purified vi-
ral vector particles were concentrated using the StrataClean Resin (Agilent Technologies,
Ratingen, Germany) according to manufacturer’s instructions, separated on a 8% SDS-
PAGE gel (5x10'° capsids per lane) and subjected to standard Western blotting procedure
using the following primary antibodies: hybridoma cell supernatant containing AAV2 spe-
cific antibody AB9 (recognizing VP1/VP2 proteins, 1:10 dilution) (PROGEN, Heidelberg,
Germany). Anti-mouse IgG HRP-conjugated antibody was used as secondary antibody
(Cayman Chemical—Biomol, Hamburg, Germany; 1:2,000 dilution) and signals were de-
tected using the SuperSignal™West Pico Chemiluminescent Substrate or SuperSig-
nal™West Femto Maximum Sensitivity (ThermoFisher Scientific, Waltham, MA) in combi-

nation with a Fusion FX Vilber Lourmat system (Peqglab).

[00228] Capsid Thermal stability assay

[00229] For capsid thermal stability assays, briefly, per reaction 1x10'° viral cap-
sids of a vector preparation were diluted in PBS, incubated at indicated temperatures for
15 min and then further diluted in PBS. The temperature gradient (65 to 85°C) was gener-
ated by a LightCycler1 96 System (Roche Life Science) with the following program: 2 cy-
cles (10 sec at 37°C; 900 sec at temperature gradient; 10 sec at 37°C), 1 cycle (30 sec at
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37°C). Samples were transferred to a nitrocellulose membrane using a vacuum blotter,
blocked (5% milk in TBS-T) and incubated with hybridoma cell supernatant containing
anti-AAV2 specific antibody A20 (recognizing intact capsids) (PROGEN, 1:5 dilution). Anti-
mouse IgG HRP-conjugated antibody was used as secondary antibody (Cayman Chemi-
cal—Biomol, Hamburg, Germany; 1:2,000 dilution) and signals were detected using Su-
perSignal ™MWest Pico Chemiluminescent Substrate or SuperSignal™West Femto Maxi-
mum Sensitivity (ThermoFisher Scientific, Waltham, MA) in combination with a Fusion FX

Vilber Lourmat system (Peglab).

[00230] AAV transduction and flow cytometry

[00231] If not further specified, cells were transduced with crude AAV2 lysates at
the indicated genome copies per cell (gc/cell). One day prior to infection, 2.5x10* cells
were seeded per well in a 12-well dish. In mixed culture experiments, HelLa wildtype and
HelLa TZMbl cells were seeded in an approximate 1:1 ratio with a total of 2.5x10* cells per
well 24 h prior to transduction. For transduction of primary CD4* T cells and PBMC from
buffy coats, cultures were pre-stimulated with CD3/CD28 magnetic beads (Invitrogen) for
24 h according to the manufacturer’s instructions. After pre-stimulation, cells were counted
and seeded in a 96-well plate with 4x10* cells per well. lodixanol gradient-purified AAV
particles were added to the cultures at the indicated genome copies per cell in the pres-
ence of 500 U/ml recombinant human IL-2. In all cell culture experiments, cells were har-
vested three days post transduction, washed with PBS and stained with PE-Cy7 conju-
gated anti-CD4 antibody (RPA-T4; eBioscience) in PBS with 2% FCS at 4°C for 30 min.
After two rounds of washing with PBS, cells were analyzed for CD4 and/or GFP expres-
sion. Data was acquired on a Canto Il (BD Bioscience) or LSR Fortessa (BD Bioscience)

device.

[00232] AAV binding and internalization

[00233] For capsid binding and internalization assays, in brief, HeLa wt or TZMbI
cells were seeded at a density of 2.5x10° cells per 12well 24h prior to infection. Thirty

minutes prior to transduction, cells were cooled to 4°C and subsequently inoculated with
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selected purified AAV2 preparations at 10.000 gc/cell. After 1h incubation at 4°C, cells
were washed four times with ice-cold PBS before harvesting cells with a cell scraper
(AAV2 binding samples). For analysis of AAV2 internalization, cells with bound AAV2 par-
ticles were transferred to 37°C and incubated for an additional hour. Afterwards cells were
harvested with trypsin and washed three times with PBS (AAV2 internalization samples).
Genomic DNA was isolated using the QlAamp DNA Blood kit (QIAGEN) following manu-
facturer’s instructions. Quantification PCR of vector genomes was carried out as de-
scribed above using oligonucleotides oMH93 and oMH94 (table Fig. 22). Quantification of
cellular genomes was performed using a Tagman gPCR specific for the human beta-glo-
bin gene (HBG) in combination with Platinum Quantitative PCR SuperMix-UDG (Live

Technologies) following manufacturers instructions.

[00234] Data analysis and statistics

[00235] All flow cytometry data was analysed with FlowJo v10.7 software (Tree
Star, Ashland, OR) and processed in GraphPad v9 (Prism, Irvine, CA). Data represent
means with error bars showing standard deviation (number of experiments indicated in fig-

ure legends).

[00236] Results

[00237] Generation of nanobody-engineered AAVS particles

[00238] The respective Nb cDNAs of the above mentioned nanobodies were
synthesized and used for genetic modification of AAV2 capsid (cap) genes. Previously, for
capsid modification purposes, heterologous sequences were either inserted into the
GH2/GH3 surface loop of the common region in VP1, or fused to the amino-terminus of
VP2. Using both strategies, selected CD4-Nb-encoding sequences, including Nb tandem
constructs, were fused in frame with VP1 and/or VP2 coding sequences, resulting in
AAV2 capsid particles displaying human CD4-specific Nbs on their surface (Figure 14). All

constructs were generated using self-complimentary AAV2 genome configuration. To
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control for CD4-nanobody specific binding, additionally a nanobody (PepNb) was in-

cluded, which binds a non-related peptide epitope.

[00239] In addition, to optimize vector transduction efficiency, four surface-ex-
posed capsid residues were mutated (Y444F, T491V, Y500F, and Y730F) in order to pre-
vent their phosphorylation, a post-translational modification that otherwise may lead to
ubiquitination, followed by proteasomal degradation of incoming vector in the target cell’s
cytoplasm. All vector Nb-modifications were carried out in the cap R585A and R588A
background, thereby preventing the resulting vectors from binding primary proteoglycan
receptors (blinding). Moreover, all vectors expressed the eGFP marker driven by the con-
stitutive CAG promoter and the polyA site of SV40. The production strategy for VP2-Nb
modified vectors resulted in the co-expression of wt and Nb-modified VP2 proteins in the
producer cells. Hence, hybrid-capsids containing both wt and Nb-modified VP2 are likely

present in all of the present VP2-Nb vector preparations.

[00240] The respective AAV2 CD4-Nb-displaying particles were produced
by transient co-transfection of HEK293T cells with AAV helper, capsid and transfer vector
plasmids following established protocols (see Materials and Methods above). Selected
gradient-purified vector batches were analyzed by electron microscopy, revealing a
wildtype-like phenotypic AAV appearance, irrespective of whether the viral particles were
Nb-modified (Figure 15A). Furthermore, immune-gold staining using a primary antibody
against alpaca IgG revealed accessible nanobody moieties at the capsid surfaces of
nanobody-modified vector batched (Figure 15B). Western blot analysis confirmed incorpo-
ration of nanobodies as indicated by the VP1/VVP2 protein bands being upshifted by ap-
proximately 15 kDa per nanobody moiety. Using gPCR and capsid ELISA determining ge-
nomic and capsid titer revealed that the packaging efficiency, i.e. the ratio of capsids/ge-
nomes, are very similar for control vectors (opt: 11.13 and blind: 6.91, respectively) and
Nb-modified vectors (VP1-CD4-Nb1: 7.17, VP2-CD4-Nb1: 7.88 and VP1-biCD4-Nb1:
8.74, respectively), indicating unaffected genome packaging in Nb-modified particles (S2
Table). Furthermore, capsid thermal stability was assayed by gradually heating vector
capsids and specific detection of intact capsids. AAV blind and Nb-modified vector cap-
sids show identical thermal stabilities (up to 70.3°C), indicating that Nb-engineering does

not negatively affect capsid stability. These data show that the Nb-modified AAV2
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particles have AAV2 wildtype-like morphology and genome packaging capacity and dis-

play the Nbs on their outer capsid surface.

[00241] Transduction of CD4 expressing cell lines

[00242] First, various cell lines were analyzed with respect to CD4 surface ex-
pression by flow cytometry. As shown, CD4-deficient HeLa wildtype (wt) and CD4+ HelLa
TZMbl cells displayed the expected phenotypes, lacking or expressing the CD4 molecule
on the cell surface (Figure 16A). Human Jurkat 1G5 T cells expressed CD4 moderately,
while the related SupT1 cells were characterized by strong CD4 expression (Figure 16A).
Next, these cell lines were transduced individually with AAV vector preparations, compris-
ing the controls AAV2opt (Y444F, T491V, Y500F, Y730F) and AAV2blind (Y444F, T491V,
Y500F, Y730F, plus R585A, R588A), as well as a set of capsid (Nb)-engineered vectors,
including a negative Nb control (PepNb, recognizing an unspecific control peptide).
Transduction of HelLa cells with the control vector AAV2opt resulted in high transduction
rates over the entire range of input vector genome copies per cell (gc/cell), ranging in
every experiment from 10,000 to 10 gc/cell (Figure 16B upper panel). These results were
observed irrespective of whether transduced Hela cells were negative (HeLa wt) or posi-
tive for the CD4 receptor (HeLa TZMbl).

[00243] When the control vectors AAV2blind and PepNb were analyzed, compa-
rable low transduction rates could only be recorded at the highest concentration of 10,000
gc/cell, confirming a strong reduction in infectivity due to elimination of primary receptor
binding. In contrast, inspection of the various CD4 Nb-specific constructs (CD4-Nb), par-
ticularly in the case of CD4-Nb1 and CD4-Nb3 (schematically outlined in Figure 14A),
demonstrated maximal transduction in a CD4 receptor-dependent manner at high vector
genome copies (Figure 16B, upper panel). Interestingly, CD4-Nb1 displayed a similar
transduction efficiency independently of the site of Nb sequence insertion (internal loop in
VP1 versus amino-terminus in VP2), while in contrast, CD4-Nb3 only performed well when

VP1 was genetically modified.
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[00244] Similar results were obtained in the T cell lines SupT1 and Jurkat 1G5
(Figure 16B, lower panel).Although transduction efficiencies were overall lower across the
entire range of input vector (i.e. gc/cell), CD4-Nb1 and CD4-Nb3 demonstrated compara-
ble and maximal transduction rates of SupT1 cells in particular, which stained highly posi-
tive for CD4 (Figure 16A). As seen above, the CD4-Nb3 construct only positively affected
transduction of CD4+ cells when expressed as a fusion in VP1. These data were also con-
firmed using Jurkat 1G5 cells transduced with the CD4-Nb1 or CD4-Nb3 vectors using
10,000 gc/cell and double-stained for eGFP and CD4 followed by flow cytometry analysis
at day 3 post transduction (Figure 16C). Inspection of the flow cytometry plots revealed
enhanced transduction of cells strongly expressing CD4. As above, this effect was ob-
served for CD4-Nb1 VP1- and VP2-modified viral particles, as well as for CD4-Nb3 VP1-
modified AAV2.

[00245] Further, vector entry and trafficking of Nb-modified capsids was investi-
gated. VP1-modified CD4-Nb1 and—Nb3 vectors were compared to the VP1-PepNB neg-
ative control and the AAV2 opt vector as positive control on HeLa wt (CD4 negative) and
HelLa TZMbl (CD4 positive) cells. The results show that both CD4-Nb vectors do bind (or
rather attach) to HeLa wt and TZMbl cells to a comparable extent as AAV2 opt vector, ir-
respective of CD4 cell surface expression. In contrast, PepNb vector particles bind/attach
significantly less to both cell lines compared to the AAV2 opt vector. A differential pattern
emerged when analysing particle internalization. In HeLa wt cells, all Nb-modified capsids
were significantly less internalized compared to AAV2 opt vector particles, consistent with
the mutated HSPG-binding motif and the lack of CD4 expression on the surface of these
cells. In HeLa TZMbl cells CD4-Nb1 capsids, the best performing construct in previous ex-
periments, was internalized over 4fold more effectively compared to AAV2 opt vectors in

line with the flow cytometry data.

[00246] Taken together, these experiments indicated that CD4-Nb1 and CD4-
Nb3 are useful reagents for targeting AAV2-derived gene vectors to cells, particularly

those expressing CD4 on the surface.

[00247] Preferred targeting of CD4+ cells in mixed cell cultures
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[00248] Next, CD4-specific cell targeting by AAV2 CD4-Nb1 and CD4-Nb3 con-
structs was analyzed in competition experiments, where two distinct cell populations,
CD4-negative HelLa wt cells and CD4-positive HeLa TZMbl cells, were mixed in a ratio of
1:1. In agreement with the results above, addition of the respective CD4-Nb-modified vec-
tor particles and control vectors to these mixed cell cultures, followed by flow cytometry,
clearly revealed preferred transduction of the CD4-expressing subpopulation in the re-
spective cultures (Figure 17A). In contrast, the AAV2opt vector again efficiently and pro-
miscuously transduced target cells at all vector input concentrations and irrespective of
whether the CD4 surface receptor was expressed (compare Figure 16B and 17A). The re-
maining vector controls, AAV2blind and PepNb, also showed indiscriminate cell transduc-
tion, however as recorded before (Figure 16B), only at the highest vector particle concen-
tration used (10,000 gc/cell).

[00249] Subsequently, the relative frequencies of eGFP-specific signals in CD4+
and CD4- cells from three full sets of independent experiments were calculated and pre-
sented as CD4+/CD4- ratios (Figure 17B). These data confirmed the expected CD4-Nb-
dependent increase in transduction efficiencies, especially when the Nb1- and Nb3-en-
coding sequences were fused to VP1, and moderate or low input vector particles (i.e.
1,000 to 10 gc/cell) were used. The respective frequencies indicated a 20- to 199-fold in-

crease in the transduction rate of CD4+ over CD4- tissue culture cells (Figure 17B).

[00250] It has been previously reported that under certain conditions homolo-
gous Nb tandem-repeats may increase the affinity of a specific Nb. Therefore, CD4-Nb1
was inserted into VP1 as a homodimer (depicted in Figure 14B) and tested as described
above. The analyses revealed that bivalent CD4-Nb1 (i.e. a tandem Nb1 repeat), although
displaying specificity comparable to the monovalent Nb1, is not more potent in infecting
specifically CD4+ cells (Figure 19). This may be explained by some structural interfer-
ence, since construction of the bivalent Nb1 vector required an intragenic insertion of 885
nucleotides (nt), a size that is clearly larger than the maximal heterologous insertion re-
ported for this site before, which comprised a 720 nt sequence encoding the mCherry

marker protein.
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[00251] In summary, these data indicate that CD4-Nb-modified AAV2 vectors al-
low specific targeting of CD4 receptor-expressing cells in mixed cell cultures. Moreover,
monovalent Nb1 capsids already appears to show specificity and high transduction effi-

ciencies, even at relatively low vector doses.

[00252] Enhanced transduction of primary human CD4+ cells

[00253] Since AAV-derived gene therapy vectors are primarily used for in vivo
delivery of a heterologous genetic payload, transduction of primary human CD4+ T cells
as well as human PBMC were analyzed next. First, purified CD4+ T cells from two healthy
donors were transduced and assayed with respect to GFP-positive cells as above. Here, a
mock transduction control, the vector controls AAV2opt and PepNB, was included as well
as an AAV6 construct. The latter were included due to the fact that AAV6 vectors have
been reported to show tropism for multiple tissues, and are able to transduce various hu-
man primary cells, including dendritic cells (DC), CD34+ hematopoietic stem and progeni-
tor cells (HSC), and CD8+ and CD4+ T cells. As opposed to the human cell lines investi-
gated above, the transduction efficiencies were clearly lower in primary cells (Figure 18A).
Nonetheless, successful transduction of CD4+ T lymphocytes was observed, particularly
by AAV2 CD4-Nb1 and AAV6. To elucidate transduction specificities, a human PBMC cul-
ture was then transduced and ratios of transduced CD4+/CD4- cells as outlined above
were calculated. AAV2 CD4-Nb1- and Nb3-modified vector particles transduced CD4+
cells about 4- to 5-fold more efficiently than cells lacking or only weakly expressing the
CD4 receptor (Figure 18B). As expected, due to its rather broad tropism, AAV6 failed to
specifically transduce CD4+ PBMC in this analysis.

[00254] Taken together, these data demonstrate that CD4 Nb capsid-engi-

neered AAV2 vectors show an improved tropism for CD4+ human PBMC.

[00255] Summarizing Discussion
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[00256] Within the present invention, AAV vector tropism could be successfully
altered and thereby its clinical applicability by specific capsid engineering to achieve en-

hanced targeting of CD4+ cells by appropriately capsid-modified AAV2 vectors.

[00257] In the present study, AAV2 capsids were modified using the above men-
tioned nanobodies of the invention. The presentation of these Nbs at the surface of the
capsid VP1 protein appeared to be more effective as an amino-terminal VP2 fusion (com-
pare Figure 16 and Figure 17). Likewise, the identical insertion of a homologous tandem
repeat of CD4-Nb1 into VP1 also resulted in enhanced, but not further improved, specific-
ity of this vector for CD4+ cells (Figure 19). These findings confirmed that this site in VP1
can indeed accommodate at least two Nb-encoding sequences, potentially allowing the
insertion of heterologous Nb tandem repeats to target different receptors using the same

AAV vector construct.

[00258] Clearly, the Nb-mediated capsid modifications presented here improved
the ability of AAV2 vectors to target CD4+ cells, including primary human T lymphocytes.
The latter are of particular interest for developing novel experimental therapies, for in-
stance in the field of therapeutic genome editing, where direct, specific and efficient intro-
duction of designer nucleases or recombinases into CD4+ lymphocytes is required. For
example, the chromosomally integrated genome of human immunodeficiency virus (HIV;
i.e. the provirus) persists indefinitely within CD4+ T cells and cannot be eradicated by
classical antiretroviral therapy. However, potential direct in vivo delivery of such an antivi-
ral designer recombinase using CD4-Nb-targeted AAV gene vectors may ultimately ena-

ble the clinical development of a scalable curative therapy for HIV/AIDS.

[00259] In conclusion, the findings presented herein represent an important step
towards the development of more potent AAV vectors for specific gene transfer into hu-

man CD4+ T lymphocytes.

[00260] In summary, the present invention and the data presented in connection
therewith, on the one hand, demonstrate for the first time the generation and detailed

characterization of Nbs specific for human CD4 and their application in various biomedical
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research approaches. In particular, CD4-Nb1 is a promising candidate for the noninvasive,

whole-body study of CD4+ T cells in mice, as well as in humans.

On the other hand, with the data presented herein in connection with the improved target-
ing of human CD4+ T cells by nanobody-modified AAV2 gene therapy vectors, a strategy
for specific gene therapies, in particular of disease-related peripheral blood CD4+ leuko-

cytes, is disclosed and described.
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Claims

A nanobody which binds to human CD4, the nanobody comprising

the amino acid sequences (i) SGFTFSKL (SEQ ID NO: 1) as CDR1, (ii)
IDSSGDTTDYLA (SEQ ID NO: 2) as CDR2 and (iii) REDPPG (SEQ ID NO: 3) as
CDRS3; or

the amino acid sequences (i) SGFDVDYY (SEQ ID NO: 4) as CDR1, (ii)
IASSDGSTYYAD (SEQ ID NO: 5) as CDR2 and (jii) DA-
TCPYYCSGSVCYLETGMD (SEQ ID NO: 6) as CDR3; or

the amino acid sequences (i) SGFALEYY (SEQ ID NO: 7) as CDR1, (ii)
MSASGGVINYSE (SEQ ID NO: 8) as CDR2 and (iii) EKAYYGSSWAECYLMMD
(SEQ ID NO: 9) as CDR3; or

amino acid sequences that have at least 90% sequence homology with the amino

acid sequences as defined in a), b) or c),

a functionally conservative variant of the nanobody as defined in any of a), b) or ¢)
comprising a conservative substitution of one or two amino acids in one, two or
three of the sequences, respectively, SEQ ID No. 1, SEQ ID No. 2, and SEQ ID
No. 3; or SEQ ID No. 4, SEQ ID No. 5, and SEQ ID No. 6; or SEQ ID No. 7, SEQ
ID No. 8, and SEQ ID No. 9;

The nanobody of claim 1, wherein the nanobody binds to domain D1 or to domain
D3 of human CD4.

The nanobody of claim 1 or 2, comprising four framework regions (FR1 to FR4)
and three complementarity determining regions (CDR1 to CDR3), the three com-

plementarity determining regions consisting of
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one of the amino acid sequences a) to ¢), or of

an amino acid sequence that has at least 90% sequence homology with one of the
amino acid sequences a) to c¢), or of

an amino acid sequence comprising a conservative substitution of one or two
amino acids in one, two or three of the sequences, respectively, SEQ ID No. 1,
SEQ ID No. 2, and SEQ ID No. 3; or SEQ ID No. 4, SEQ ID No. 5, and SEQ ID
No. 6; or SEQ ID No. 7, SEQ ID No. 8, and SEQ ID No. 9;

wherein preferably, the nanobody comprises an amino acid sequence selected
from the group consisting of the amino acid sequences SEQ ID NO. 10, SEQ ID
NO. 11, SEQ ID NO. 12, SEQ ID No. 156, SEQ ID No. 157, or an amino acid se-
quence that has at least 90% sequence homology with one of the amino acid se-
quences SEQ ID NO. 10, SEQ ID NO. 11, SEQ ID NO. 12, SEQ ID No. 156 or
SEQ ID No. 157.

The nanobody of any of claims 1 to 3, wherein the nanobody is associated with at
least one of a detectable label, a viral particle, and/or a therapeutically or pharma-

cologically active agent.

The nanobody of claim 4, wherein the detectable label is selected from detectable
moieties and tracers for immuno-histochemistry, optical imaging, near infrared im-
aging (NIR), positron emission tomography (PET), single photon emission com-

puted tomography (SPECT) or magnetic resonance imaging (MRI), and preferably
which detectable label is selected from fluorophores, radionuklids or magnetic par-

ticles.

The nanobody of claim 4, wherein the viral particle is an Adenovirus-associated Vi-
rus (AAV) particle, an Adenovirus particle, or an lentiviral particle, and wherein
preferably the AAV particle is selected from an AAV2, AAV3, AAV4, AAV5, AAVG,
AAV7, AAVS, or an AAV9 particle.
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The nanobody of claim 4, wherein the therapeutically active agent is an active

gene transfer agent.

A nucleic acid comprising or consisting of a nucleic acid sequence coding for the
nanobody as claimed in any of claims 1 to 7, optionally linked to another nucleic

sequence.

The nanobody of any of claims 1 to 6, or the nucleic acid of claim 8, for use in di-
agnostic or prognostic methods, or for use as medicament, preferably for modulat-

ing CD4* T cell function and/or cell depletion.

The nanobody of any of claims 1 to 7 for use as contrast agent in non-invasive

medical imaging in vivo.

The nanobody of any of claims 1 to 7 for the in vitro detection of CD4 in a sample.

The nanobody of any of claims 1 to 7, or the nucleic acid as claimed in claim 8, for
use in retargeting AAV, Adenovirus or lentiviral vectors or for retargeting gene
transfer vectors, or for use in targeting virus-like particles (VLP) or lipid nanoparti-
cles (LNP).

The nanobody of any of claims 1 to 7, or the nucleic acid as claimed in claim 8,

wherein the nanobody or a nucleic acid coding for the nanobody is used for ge-
netic labelling of AAV capsid proteins, preferably for genetic labeling of the AAC
capsid proteins VP1 and/or VP2.

A biparatopic, bivalent or trivalent construct comprising at least one nanobody as

claimed in any of claims 1 to 7 or a combination thereof.

A method for determining and/or imaging and/or monitoring the presence and/or

amount and/or activity or differentiation state of CD4* cells in a biological sample
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suspected of comprising CD4" cells, preferably CD4* T cells, the method compris-

ing the steps of:

combining said sample with at least one of the nanobodies of any of claims 1 to 7,
or with at least one construct of claim 14, and optionally with at least one second
compound conjugated with a detectable label, the second compound binding to

another marker of the CD4+ cells, preferably CD4* T cells,

measuring, via the detectable label, imaging signals from said nanobody that has
bound to CD4" cells, preferably CD4* T cells, in said sample, and, if a second com-
pound has additionally been used in step a), from said second compound that has

bound to another marker; and

imaging, determining and/or monitoring the presence and/or amount and/or activity

of CD4* cells, preferably CD4* T cells, in said sample via the imaging signals,

wherein the determination and/or monitoring and/or imaging is preferably for pa-
tient stratification and for monitoring individual immune responses during personal-

ized immunotherapy.

Use of at least one of the nanobodies of any of claims 1 to 7, or at least one con-
struct of claim 14, as a diagnostic agent, preferably wherein the diagnostic agent is
used in a diagnosis which is selected from diagnostic classification of a disease-
associated immune status of a patient, and susceptibility to immunotherapies of a

patient.

A method for diagnosing and/or monitoring the immune status and/or susceptibility
to immunotherapies of a patient, wherein at least one nanobody as claimed in any
of claims 1 to 7, or at least one construct as claimed in claim 14, is used to assess
and/or monitor CD4* T cells in a biological sample of the patient, wherein the

nanobody is used alone or in combination with a second compound binding to a T-

cell specific marker, wherein the T cell-specific marker is selected from at least one
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of CD2, CD3, CD7, CD8, CD27, CD28, CD127, HLA-DR, CD38, CD69, CCR4,
CCR5, CCR6, CCR7, CTLA-4, LAG3, TIM-3, 0X40, ICOS, CXCR4, PD-1, PD-L1,
PD-L2, CD40L (synonym CD154), CD122, CD137, GITR, CD25, CD278, SIGLEC-
7, SIGLEC-9, BTLA (synonym: CD272), TIGIT, VISTA, B7-H4 (synonym: VTCN1),
CD276 (synonym: B7-H3), A2AR, CEACAM1, LAIR-3, HVEM, CD160, CD200,
CD200R.

A pharmaceutical composition comprising at least one of the nanobodies as
claimed in any of claims 1 to 7 and/or at least one construct as claimed in claim 14,

in association with a pharmaceutically acceptable carrier or excipient.



