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NLR immune receptor-nanobody fusions confer plant

disease resistance

Jiorgos KourelisT, Clemence Marchalt, Andres Posbeyikian, Adeline Harant, Sophien Kamoun*

Plant pathogens cause recurrent epidemics, threatening crop yield and global food security. Efforts to
retool the plant immune system have been limited to modifying natural components and can be nullified
by the emergence of new pathogen strains. Made-to-order synthetic plant immune receptors provide
an opportunity to tailor resistance to pathogen genotypes present in the field. In this work, we show that
plant nucleotide-binding, leucine-rich repeat immune receptors (NLRs) can be used as scaffolds for
nanobody (single-domain antibody fragment) fusions that bind fluorescent proteins (FPs). These fusions
trigger immune responses in the presence of the corresponding FP and confer resistance against
plant viruses expressing FPs. Because nanobodies can be raised against most molecules, immune
receptor—nanobody fusions have the potential to generate resistance against plant pathogens and pests

delivering effectors inside host cells.

lants lack an adaptive immune system

and rely on innate immune receptors

to detect invading pathogens. Efforts

to retool the plant immune system to

design new-to-nature biochemical activ-
ities have been largely limited to modification
of natural components, for instance through re-
ceptor mutagenesis or domain shuffling (7-8).
Although these approaches have yielded prom-
ising results, they often target a specific pathogen
isolate and thus lack plasticity and adaptabil-
ity to a wider range of pathogens and pests.
Additionally, plant pathogens are notorious
for rapidly evolving virulent races that can
nullify new resistance specificities. Thus, there
is a need for an adaptative system where re-
sistance can be bioengineered as required to
target the pathogen genotypes associated with
plant disease outbreaks.

One class of immune proteins that could
be optimal templates for receptor bioengineer-
ing is the subset of intracellular nucleotide-
binding, leucine-rich repeat immune receptors
(NLRs) that carry unconventional integrated
domains (IDs) (9-12). These IDs are generally
thought to mediate pathogen effector detec-
tion, either by directly binding to effectors or
by acting as a substrate for their enzymatic
activity. This activity is subsequently trans-
lated into an immune response (13-17). Often
these ID-containing NLRs (NLR-IDs) are ge-
netically linked to conventional NLRs that
are required for immune activation after ef-
fector detection (9, 18). Pik-1 and Pik-2 are
such an NLR receptor pair from rice carrying
an N-terminal coiled-coil (CC) domain (19). Pik-1
carries an integrated heavy metal-associated
(HMA) domain between its CC and the central
NB-ARC (nucleotide-binding domain shared
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with APAF-1, various R proteins, and CED-4)
domains that directly binds AVR-Pik effec-
tor proteins (avirulence factors) secreted by the
blast fungus, Magnaporthe oryzae (13, 16, 20-24,).
AVR-Pik binding to the Pik-1 HMA domain
results in Pik-2-dependent immunity (76, 19).
The integrated HMA domain of Pik-1 can be
mutated or swapped for similar HMA do-
mains to confer recognition of different AVR-
Pik alleles (5, 25, 26). The Pik NLR gene pair
has a variety of alleles (such as Pikp, Pikm,
Pikh, Piks, and Pik*) that provide immunity
to blast isolates expressing different AVR-Pik
variants (27).

What would be the ultimate ID for engi-
neering made-to-order plant immune recep-
tors? Given that animal adaptive immunity
has the capacity to generate antibodies against
virtually any antigen that it is exposed to, we
reasoned that harnessing antibodies for plant
immunity would potentially enable building
receptors that respond to a wide range of plant
pathogen molecules. We focused on the min-
imal antigen-binding fragment of single-domain
heavy-chain antibodies (known as VHHs or
nanobodies) of camelid mammals (28-31) be-
cause they are small, soluble 10- to 15-kDa
domains, which tend to correctly fold intra-
cellularly and have many useful properties
for biotechnological applications. To test our
idea, we generated orthogonal Pik-1 sensors in
which the integrated HMA domain is swapped
with nanobodies that bind either green fluo-
rescent protein (GFP) or mCherry (32-34)
(Fig.1, A and B, and table S1). We hypothesized
that the engineered versions of Pik-1 would
trigger immunity in the presence of GFP or
mCherry.

Pikobodies are functional NLR-nanobody fusions
Mutations in the Pik-1 HMA domain often lead
to autoimmune activities in the absence of a
ligand, and like the immune signaling in response
to effector recognition, this activity is dependent
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on the presence of Pik-2 (23, 25, 26, 35). Hence,
we first tested whether the Pikm-1-nanobody
fusions induce autoimmunity in the presence
of Pik-2. Of the 11 tested Pikm-1-nanobody fu-
sions, six did not exhibit autoimmunity when
expressed with Pikm-2 in leaves of the model
plant Nicotiana benthamiana (fig. S1 and table
S2), which indicated that they can be used for
follow-up gain-of-function assays. Next, we co-
expressed 10 Pikm-1-nanobody fusions with
GFP or mCherry. Among these, four produced
a hypersensitive cell death response (HR, im-
mune response readout) specifically when ex-
pressed with their matching fluorescent proteins
(FPs) (Enhancer, LaG-16, LaM-4, and LaM-8)
(Fig. 1C, fig. S1, and table S2). The response
levels were similar to those obtained with a
natural combination of Pikm and a blast fun-
gus effector (Fig. 1C and fig. S1). Addition-
ally, a further three fusions that displayed
weak autoimmunity gave a stronger HR only
when combined with their matching FPs
(LaG-24, LaM-2, and LaM-6) (Fig. 1C and fig.
S1). This indicates that the Pikm-1-nanobody
fusions are functional and can be endowed
with new-to-nature activities. We coined the
term Pikobody for the combination of Pikm-2
with the engineered Pikm-1-nanobody fusions
(Fig. 1).

We reasoned that nanobody aggregation or
misfolding upon intracellular expression (32)
could explain the observed autoactivity (Fig.
1C and fig. S1). We introduced previously de-
scribed stabilizing nanobody mutations (32) in
LaG-24, LaM-2, LaM-3, and LaM-6 and found
that they abolished Pikobody autoactivity (fig.
S2). Three of these Pikobodies carrying the
stabilized mutants of LaG-24, LaM-3, and LaM-6
retained the capacity to trigger HR in the
presence of the matching FP, whereas LaM-2
did not (fig. S2). This shows that Pikobody
autoactivity can be abolished by engineering
the core structural features of the nanobodies.

Given that Enhancer and LaM-4 are widely
used nanobodies recognizing GFP and mCherry,
respectively, we selected Pikobod:; T (consist-
ing of Pikm-2 together with the Pikm-1"""""_
nanobody fusion) and Pikobody™™ (consisting
of Pikm-2 together with the Pikm-1"*-
nanobody fusion) to further confirm our results.
Some pathogen effectors may not be recog-
nized by Pikobodies, for example by having a
subcellular localization that precludes rec-
ognition. We noted that Pikobody®™"*" and
Pikobody™™ specifically responded to three
pathogen effectors only when they were tagged
with the matching GFP or enhanced GFP (EGFP)
or the matching mCherry or mRFP1 (fig. S3
and table S2). This further confirmed that
the Pikobodies are functional FP sensors that
detect FPs even when they are fused to path-
ogen effector proteins.

We investigated the extent to which Piko-
bodies function through similar mechanisms
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Fig. 1. NLR immune receptor-nanobody
fusions trigger a HR in the presence of the
corresponding FP antigen. (A) Bioengineering

of a FP-activated NLR sensor. The integrated HMA
domain of the NLR Pikm-1, which is involved in
pathogen effector recognition by direct binding,
was swapped with nanobodies binding either GFP
or mCherry. We coined the term Pikobody for the
combination of Pikm-2 with Pikm-1-nanobody

fusions. CC, coiled-coil domain; NB,

nucleotide-binding domain; LRR, leucine-rich
repeat; Nano, nanobody. (B) Structures of GFP
(cyan) or mCherry (magenta) with the GFP-
binding nanobodies Enhancer [Protein Data Bank
(PDB) ID: 3K1K] (33) and LaG-16 (PDB: 6LR7)
(51) or the mCherry-binding nanobodies LaM-2

(PDB: 6IR2) and LaM-4 (PDB: 6IR1) (52),

respectively (dark blue). (C) Screen for GFP

or mCherry recognition by bioengineered

Pikobody® %™ or Pikobody® ™™ resulting

in induction of a HR upon coexpression
in N. benthamiana. Representative

N. benthamiana leaves were infiltrated with the

indicated constructs and photographed 5

days

after infiltration (see fig. S1 for quantification).
Cyan and magenta dashed circles indicate
GFP or mCherry co-infiltration, respectively.

The Pikm pair (Pikm-1 and Pikm-2)
co-infiltrated with AVR-PikD, and p19 was
used as a positive control for HR (yellow).

Fig. 2. Pikobodies confer resistance against

PVX variants expressing matching FPs.

(A and B) Specific reduction in fluorescence
intensity of PVX-expressed EGFP or mCherry

in the presence of Pikobody®™@™°*" or Pikobody®™,
respectively. GFP (A) or mCherry (B) mean
fluorescence intensity per square centimeter
measured in N. benthamiana leaves 4 days after
infiltration and used as a proxy for PVX viral

load. Boxplots summarize results of three

independent replicates with six internal repli-
cates. Asterisks show significant differences

between buffer only (no PVX added) and

tested

constructs in the presence of PVX-GFP (A) or
PVX-mCherry (B) (Dunnett's test, P < 0.001). The
PVX coat protein recognizing resistance protein
Rx was used as a positive control for PVX
resistance. (C and D) Specific reduction of PVX-
expressed GFP (C) or mCherry (D) accumulation as
a proxy to evaluate viral load in the presence of
PikobodyE™a%e" or Pikobody“?M*, respectively.
Total protein was extracted 4 days after inoculation
with PVX variants in the presence of the tested
constructs and probed with the appropriate
antibodies. Ponceau S staining shows equal

protein loading across samples.
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Fig. 3. Stacked Pikobodies result in additive immune recognition and disease
resistance. (A) Pikobody stacking results in additive immune recognition. A
representative N. benthamiana leaf infiltrated with indicated constructs is shown.
Cyan or magenta dashed lines indicate GFP or mCherry coexpression, respectively.
Leaves were photographed 4 days after infiltration. (B) HR quantification visualized
as a dot plot, where the size of a dot is proportional to the number of samples
with the same score (n) within the same replicate (1 to 3). The experiment was
repeated three times with six internal replicates. Asterisks indicate statistically
significant differences as compared with the Pikobody=™™"°*"+Pikm-+mCherry
control, as determined by the besthr R package (53). (C and D) Specific reduction in
fluorescence intensity of PVX-expressed GFP (C) and mCherry (D) in the presence
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of stacked Pikobody=™™"" and Pikobody . Mean fluorescence intensity per
square centimeter was measured in N. benthamiana leaves 4 days after infiltration
and used as a proxy for PVX viral load. Boxplots summarize the results of three
independent replicates with six internal replicates. Letters depict significant differences
between treatments as determined by analysis of variance (ANOVA) followed by
Tukey's honestly significant difference (HSD) test (P < 0.05). (E and F) Specific
reduction of PVX-expressed GFP (E) or mCherry (F) accumulation as a proxy

to evaluate viral load in the presence of stacked Pikobody ™™ or Pikobody“",
Total protein was extracted 4 days after inoculation with PVX variants in the
presence of the tested constructs and probed with the appropriate antibodies.
Ponceau S staining shows equal protein loading across samples.
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Fig. 4. Transgenic N. benthamiana Pikobodyc"™"®"°*" lines confer specific
resistance to PVX-GFP. (A) Pikobody="@°®" line 9 displays specific resistance
to PVX-GFP—but not to PVX-mCherry—delivered by leaf agroinfiltration to an
extent similar to that displayed by Rx. Coat protein (CP) accumulation was used
to directly measure PVX viral load. For the immunoblot analysis, total protein was
extracted 4 days after inoculation of the stated lines with PVX-GFP or PVX-

as the wild-type Pik pair (36) and other CC-
NLRs. The conserved P-loop motif within the
NB-ARC domain of CC-NLRs is required for
the adenosine 5'-diphosphate (ADP)-adenosine
5"-triphosphate (ATP) switch that enables oligo-
merization into resistosome complexes (37, 38).
Pikobody*?"™R-Enbancer 3 nq Pikobody ! 7R-LaM-4
with a P-loop dead mutation in Pikm-2 (Pikm-
2K217Ry fajled to produce a HR to their cor-
responding FP even though the Pikm-1 and
Pikm-2 proteins accumulated to similar levels
as the wild-type immune receptors (fig. S4 and
table S2). We conclude that the P-loop motif of
Pikm-2 is required for Pikobody activity and
that the Pikobody system probably functions
through the established mechanistic model of
NLRs (39).

Kourelis et al., Science 379, 934-939 (2023)

Transient Pikobody expression confers
immunity to PVX

Can Pikobodies produce a functional immune
response that is effective against a pathogen?
We used recombinant Potato virus X (PVX) (40)
expressing either GFP or mCherry to assay the
ability of Pikobodies to reduce viral load (table
S1). These PVX variants express FPs from a
duplicated coat protein subpromoter in the
virus genome. We used fluorescence intensity
and immunodetection of GFP or mCherry ac-
cumulation as proxy for viral load in leaf sam-
ples (Fig. 2 and table S3). Both Pikobod; cer
and Pikobody™*™* specifically reduced fluo-
rescence intensity of PVX-expressed GFP or
mCherry, respectively, to an extent compa-
rable to that of Rx, an NLR known to confer

3 March 2023

mCherry and probed with the corresponding antibodies. Buffer only (no added
PVX) was used as a negative control. Ponceau S staining shows equal protein
loading across samples. dpi, days postinfiltration. (B) Pikobody=™@"¢" jines 1
and 9 display specific resistance to PVX-GFP—but not to PVX-mCherry—
delivered by wounding (toothpick inoculation of agrobacterium) to an extent
similar to that of Rx. Immunoblot analysis is as in (A).

immunity against PVX (41) (Fig. 2, A and B).
This reduction of fluorescence intensity cor-
relates with reduced accumulation of virus-
expressed GFP or mCherry as compared with
the empty vector control or wild-type Pikm
(Fig. 2, C and D). We did, however, observe a
faint signal corresponding to GFP or mCherry
in the samples with PVX-GFP or PVX-mCherry
and Pikobody™™ " or Pikobody*™, respec-
tively, as compared with no detectable FP bands
in the samples with Rx (Fig. 2, C and D).

To independently confirm these results, we
tested two additional PVX variants express-
ing GFP from different virus genome loca-
tions (42, 43) (tables S1 and S3 and fig. S5).
Pikobody™@" but not Pikobody* ™™ re-
duced GFP fluorescence intensity and protein

4 0of 6
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accumulation when challenged with a PVX var-
iant with the GFP sequence inserted between
the triple gene block and coat protein in the virus
genome (fig. S5, A and B). Furthermore, we ob-
served reduced accumulation of virus-expressed
GFP in the presence of Pikobody™™ " when
challenged with a PVX variant carrying an in-
frame N-terminal GFP fusion to the viral coat
protein separated by a foot-and-mouth disease
virus 2A self-cleaving peptide, despite consistent-
ly not seeing a significant change in fluores-
cence intensity in the presence of Pikobod er
(fig. S5, C and D). GFP fluorescence is known
to be enhanced in the presence of certain nano-
bodies (33), and perhaps the fluorescent prop-
erties of the population of GFP that remains
fused to the coat protein are enhanced under
these conditions (43) (fig. S5D). Additionally,
at late stages of infection Pikobody= hancer
but not Pikobody“*™* caused a visible HR
with both variants of PVX-GFP (fig. S5, E
and F).

We further compared the virus resistance
capacity of Pikobody™™ " with the disease
resistance protein Rx using PVX variants that
contain mutations in the coat protein that
evade Rx-mediated immunity (44). Unlike Rx,
Pikobody™™3°*" conferred resistance against
the Rx-evading variant PVX-GFP::CpT22K-MI28R
(fig. S6 and table S3). We conclude that
Pikobody™"#" can provide resistance against
multiple PVX-GFP variants, including a vari-
ant that evades Rx.

Pikobody stacking results in additive
recognition capacities

The addition of more than one immune recep-
tor in a plant variety—a plant breeding strategy
known as R gene stacking—can maximize re-
sistance durability in the field by delaying the
emergence of virulent pathogen races (45-47).
However, coexpression of plant immune re-
ceptors can lead to autoimmunity (48, 49) or
suppression of recognition (50). We inves-
tigated whether Pikobodies with different FP
specificities are compatible with each other
(Fig. 3). We first determined that the coexpres-
sion of different Pikobodies does not result
in autoimmunity or affect Pikobody accumu-
lation (fig. S7 and table S2). Coexpression of
Pikobody™™™**" or Pikobody"*** and the wild-
type Pikm pair triggered a HR only in the pres-
ence of the matching FP, whereas coexpression
of Pikobody™™*™**" and Pikobody"*™* produced
a HR in the presence of both GFP and mCherry
(Fig. 3, A and B). Similarly, coexpression of
Pikobody*™****" and Pikobody"*™* marked-
ly reduced fluorescence intensity and protein
levels of both GFP and mCherry produced by
PVX-FPs (Fig. 3, C to F). At late stages of in-
fection, the combination of Pikobody*"hancer
and Pikobody™™™ also resulted in a HR in
response to either PVX-GFP or PVX-mCherry
(fig. S8). We conclude that Pikobody stacking

Kourelis et al., Science 379, 934-939 (2023)

can expand the recognition and response pro-
file of these immune receptors without neces-
sarily resulting in autoimmunity.

Transgenic plants expressing Pikobodies
are resistant to PVX

‘We challenged our findings that Pikobodies con-
fer virus resistance using stable N. benthamiana
transgenic lines expressing Pikobody®rancer
(Fig. 4). Among four lines transformed with
Pikobody®™P#* three specifically respond to
GFP, accumulate Pikm-2 and Pikm-1Ehancer
proteins, and reduce virus load of PVX-GFP
but not of PVX-mCherry, as estimated by the
accumulation of FPs and PVX coat protein
(lines 1, 9, and 10) (fig. S9 and tables S4 and
S5). A fourth transgenic that does not respond
to GFP and only accumulates Pikm-2 protein
and not Pikm-1"%"%" protein served as a nega-
tive control (line 4) (Fig. 4 and fig. S10). The level
of PVX resistance in one of the Pikobody "
transgenic lines (line 9) was similar to that of Rx,
with no detectable levels of GFP and coat protein
(Fig. 4 and fig. S10). Notably, the Pikobod; e
transgenic lines conferred resistance to PVX
regardless of the agroinfection method used to
deliver the virus (leaf infiltration and wound-
ing inoculation) (Fig. 4 and figs. S10 and S11).
We conclude that transgenic Pikobody lines can
confer specific resistance to PVX to a similar
extent as the natural resistance gene Rx.

Discussion and conclusion

We built on our growing understanding of the
evolution and function of the Pik pair of NLRs
(5, 21-23, 36) to use Pik-1 as a chassis for VHH
nanobody fusions to bioengineer functional
disease resistance genes with new-to-nature
functionalities. This strategy for bioengineer-
ing synthetic immune receptors differs from
earlier approaches, which were based on the
modification of endogenous sequences and do-
mains. The Pikobody system provides a meth-
od to functionally transfer components of the
metazoan immune system to plants. Given
that Pikobodies rely on NLR-mediated immu-
nity, this system shares the same limitations as
other approaches that leverage this immune
receptor family. For example, pathogen pro-
teins will need to be translocated inside the
plant cell during the right phase of patho-
gen infection to be recognized by Pikobodies.
Nevertheless, given that nanobodies can be
readily generated to bind virtually any anti-
gen, Pikobodies have the potential to produce
made-to-order resistance genes against any
pathogen or pest that delivers effectors inside
host plant cells (fig. S12).
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Engineered immune receptors

The specificity of plant innate immune receptors cannot rapidly change in response to new pathogens. To increase
the diversity of pathogens that plants can sense, Kourelis et al. exploited the specificity and versatility of mammalian
antibodies. The authors modified rice-derived receptors that normally perceive fungal pathogen effectors. Part of the
receptor protein was swapped with camelid antibody fragments that recognize fluorescent proteins. Plants expressing
these chimeric proteins were able to mount an immune response when fluorescent proteins were introduced. The
work provides a way forward to rapidly and specifically modify susceptible crop species to provide them with pathogen
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