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Efficacy of PVX and PEGylated PVX as
intratumoral immunotherapy

Yifeng Ma,abcd Mary G. Gorman,ab Juliane Schuphani and
Nicole F. Steinmetz *abcdefgh

Intratumoral immunotherapy harnesses the tumor microenvironment to enhance local immune

activation and systemic antitumor responses. Plant virus nanoparticles have emerged as potent

immunostimulatory agents for this strategy. Here, we investigate the efficacy of PEGylated potato virus X

(PVX–PEG) in a B-cell lymphoma model. We synthesized PVX–PEG using bis-PEGn-NHS esters and

confirmed successful conjugation through SDS–PAGE, dynamic light scattering, and transmission elec-

tron microscopy. PEGylation improved formulation stability, as evidenced by increased thermal resis-

tance and reduced aggregation in biological conditions. In vivo, PVX–PEG exhibited prolonged tumor

retention and maintained its immunotherapeutic efficacy, comparable to native PVX. Furthermore, anti-

body recognition of PVX–PEG was significantly reduced, highlighting its potential for clinical translation.

These results suggest that PVX–PEG retains the immunostimulatory benefits of PVX while overcoming

key formulation and immunogenicity challenges, supporting its advancement as a novel intratumoral

immunotherapy for lymphoma.

Introduction

Cancer immunotherapy has revolutionized oncology by harnes-
sing the immune system to target and eliminate malignant
cells. However, systemic immunotherapy approaches, such as
immune checkpoint inhibitors (ICIs), chimeric antigen recep-
tor (CAR) T cells, and cytokine therapies, often face challenges
related to immune-related adverse events (irAEs), limited
tumor penetration, and immune suppression within the tumor
microenvironment (TME).1 Intratumoral immunotherapy has
emerged as a promising alternative where the immunothera-
peutic agents are directly injected into a tumor, bypassing

systemic circulation to enhance local immune responses. This
strategy can modulate the TME, recruit and activate antigen-
presenting cells, and induce systemic antitumor immunity
through the abscopal effect, in which immune responses
extend beyond the treated lesion to distant metastases.2–4 By
leveraging the tumor as the source of antigen, intratumoral
immunotherapy enhances tumor antigen presentation and T
cell priming, overcoming key resistance mechanisms encoun-
tered in systemic approaches.

A diverse range of intratumoral immunotherapy approaches
are currently under investigation, including Toll-like receptor
(TLR) agonists, oncolytic viruses, cytokines, and gene-modified
immune cells.2–4 Our approach centers on the application of
plant viruses for intratumoral immunotherapy. Unlike oncoly-
tic viruses, plant viruses do not target or lyse cancer cells –
instead, the plant viral nucleoprotein components act as
immunomodulators activating and recruiting innate immune
cells to the TME. While plant viruses are non-infectious toward
mammals, their repetitive coat proteins and single-stranded
RNA cargos stimulate the immune systems through pattern
recognition receptors, specifically toll-like receptors (TLRs).5,6

For example, we demonstrated that cowpea mosaic virus
(CPMV) upon intratumoral injection stimulates a potent anti-
tumor immune response in tumor mouse models,7 and more
importantly in companion canine cancer patients.8 When
compared to other icosahedral plant viruses, CPMV appears
to have a unique anti-tumor potency.7,9 However, we and others
also reported anti-tumor efficacy of intratumorally applied
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filamentous plant viruses such as papaya mosaic virus
(PapMV)10 and potato virus (PVX).11

In a recent study we tested activity of PVX against non-
Hodgkin’s lymphoma (NHL) in a mouse model. While intratu-
moral immunotherapy has focused on solid tumors, there is a
rationale for applying this strategy to NHL, as patients often
present with injectable lesions, making in situ treatment an
attainable option.12,13 In fact, recent developments using small
molecule TLR agonists as well as intratumoral cytokines (e.g.,
Flt3L) highlight the opportunity for intratumoral immunother-
apy for lymphoma12–14 [NCT01976585]. Our study demon-
strated efficacy of PVX against B-cell lymphoma (A20 and
BALB/C mice). PVX elicited systemic and long-lasting anti-
tumor efficacy, preventing the recurrence of A20 lymphoma
in rechallenge experiments. Mechanistic insights indicated that

myeloid cells (neutrophils) were the primary responders lead-
ing to antigen processing and adaptive anti-tumor immunity.11

PVX possess a filamentous structure (515 � 13 nm) which is
challenging to replicate synthetically – however the filamentous
morphology may be advantageous for tissue penetration, cell
interactions and cargo loading, e.g. combination with mRNA
therapeutics or small molecules or biologics. To begin the
development of PVX as a platform for intratumoral immu-
notherapy applications, we set out to test the anti-tumor
efficacy of a PEGylated PVX. The rationale for testing PVX–
PEG is supported by several studies that indicated human
exposure and pre-existing immunity against various plant
viruses.15–17 Thus the application of native PVX as a biologic
may result in premature antibody-mediated clearance or off-
target effects such as complement activation-related

Fig. 1 Synthesis and characterization of PVX–PEGn. (A) Schematic representation of the structure of PVX (left) and 13 coat protein (CP) units highlighting
solvent exposed lysine residues (Lys 61, Lys 70, and Lys 177) labelled in red; the primary amine groups are labelled in green; the structure was analyzed
using UCSF ChimeraX software and Protein Data Bank entry 6R7G (right). (B) SDS–PAGE gel and (C) DLS analyzing PVX and crosslinked PVX–PEGn (n = 10,
18, 25) at different molar ratio of CP and PEGn. The conjugation rate was calculated with Fiji ImageJ band analysis tool. (D) TEM of negatively stained PVX
(left) and crosslinked PVX–PEGn (right). (E) Turbidimetric assay (absorbance at 600 nm) to determine aggregation rate of PVX and crosslinked PVX–PEGn

heated from 25 to 80 1C for 15 min. (F) DLS of PVX and crosslinked PVX–PEGn heated at 60 1C for 15 min.
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pseudoallergy (CARPA).18 PEGylation is often applied to biolo-
gics for example several PEGylated cytokine therapies and
vaccines have been tested for intratumoral administration.
PEGylation improves pharmacodynamic and pharmacokinetics
properties of biologics.19

In the present work, we used a bioconjugation method and
two-arm PEG chains to produce crosslinked PVX–PEG – this
strategy was chosen, because in previous work we had shown
that the increased surface coverage with PEG that is interlink-
ing PVX coat proteins is most efficient to enhance the pharma-
cology and reduce antibody recognition of PVX, as opposed to
conjugation or linear PEG arms anchored to a single coat
protein.20 PVX–PEG was produced and its efficacy evaluated
using a murine model of B cell lymphoma.

Results & discussion
Synthesis and characterization of PVX–PEG

PVX features multiple chemically reactive lysine and cysteine
residues on its external surface.21 Structural analysis highlights
– while cysteine residues are relatively more buried – several
lysine side chains are solvent exposed. Fig. 1A shows 13 coat
protein (CP) units of the PVX virion, corresponding to 1.5
helical turns. The solvent-exposed lysine residues Lys 61, Lys
70, and Lys 177 are highlighted in red. The distances between
the primary amine groups (shown in green) on adjacent CP
units range from 10.8 Å to 63.5 Å. Given the structural data, we
chose bivalent linear bis-PEGn-NHS esters with n = 10, 18, and
25 with contour lengths of 27.8 Å, 50.0 Å and 69.5 Å, respectively
(calculated as n* 2.78 Å1).22 While PEG chains in solution adapt
‘mushroom-like’ rather than linear conformations, we selected
these PEG chain lengths to test PEGylation and crosslinking
efficiency. At least in theory, these PEG chains could react with
adjacent CPs within the same PVX particle. The bis-PEGn-NHS
esters were reacted with PVX using PEG linkers at various ratios
per CP (1 : 1, 5 : 1, 10 : 1, 15 : 1, and 18 : 1).

Denaturing SDS–PAGE was used to analyze the degree of
PEG chain conjugation and CP crosslinking (Fig. 1B). PEG
conjugation was evident by appearance of higher molecular
weight (MW) bands; conjugation of a single PEG n = 10 chain
would result in an MW increase of the CP by B500 Da,
conjugation of PEG n = 18 or n = 25 in a MW increase of 900
or 1250 Da. Indeed, conjugation was apparent, and the con-
jugation degree increased with increasing molecular excess
used, as expected. If crosslinking occurs, CP dimers are
expected, and dimerization is detected independent of the
chain length used. Of note, trimers and higher-order multimers
were also observed for all formulations tested. While the
bivalent PEG chains can only conjugate to two lysines, the
multiple band pattern and heterogeneity can be explained by
the multiple solvent-exposed and reactive lysine residues on the
PVX coat proteins that are conjugated with PEG molecules –
this likely will result in entanglement of the CP-PEG complexes.
Intraparticle rather than interparticle crosslinking is expected
given the use of rather short, low molecular weight PEGs and

our previous investigation.20 DLS was used to characterize the
crosslinked PVX–PEGn formulations. Of note, while DLS is less
effective in providing accurate size measurements for high
aspect ratio particles such as PVX, it remains valuable for
identifying trends in particle behavior. Specifically, DLS can
provide insights of aggregation, particle breakage, or changes
in size distribution of filamentous nanoparticles. DLS measure-
ments were consistent with intraparticle crosslinking – the
hydrodynamic diameter of the PVX–PEGn increased as a func-
tion of PEGn conjugation, but overall narrow size distribution
comparable to that of native PVX was noted (Fig. 1C). This is
consistent with PEG conjugation and intraparticle crosslinking
– because interparticle crosslinking would result in size
increases and given the high degree of multivalency, likely in
extensive aggregation, which was not observed. Finally, TEM
imaging showed intact PVX–PEG matching the appearance of
native PVX (Fig. 1D).

Formulation stability of PVX–PEG is increased

To gain insights into the formulation stability, we conduced
thermal stability assays. First, PVX and PVX–PEGn in potassium
phosphate buffer were heated from 25 1C to 80 1C over 15 min
and stability was assayed as a function of turbidimetry
measurement by reading absorbance at Abs600 readout
(Fig. 1E). Data indicate increased stability of PVX–PEGn: while
native PVX begins to aggregate when temperature exceeds
40 1C, changes in Abs600 are not apparent until PVX–PEGn

reached 60 1C. There were no apparent differences comparing
PVX conjugated with PEG10, PEG18, and PEG25. Data align with
literature reports showing that the PVX coat protein begins to
aggregate when incubated at temperatures above 35 1C.15 Thus,
the turbidimetric assay indicates that PEG crosslinking
improves the thermal stability of PVX from 40 1C to 60 1C.
DLS measurement correlates with the turbidimetric assay.
When PVX or PVX–PEGn was incubated at 60 1C – DLS measure-
ment indicates that PVX–PEGn remained stable, while native
PVX formed aggregates (Fig. 1F).

Finally, we conducted preliminary assays to test stability
under physiological conditions by exposing PVX and PVX–PEGn

to mouse serum and incubated samples for 24 hours at 37 1C.
Visual inspection (data not shown; we attempted to capture the
aggregation in photographs but due to the lack of contrast this
was challenging) indicated that samples of PVX appeared in an
opaque color indicative of protein aggregation and precipita-
tion. PVX–PEGn samples remained clear indicating sample
stability in biological media.

PEGylated PVX maintains its anti-tumor efficacy

To evaluate the anti-tumor immunotherapeutic efficacy of PVX
vs. the PVX–PEG, we used a murine lymphoma tumor model by
implanting A20 cells intradermally into the right flank of BALB/
c mice. There was no significant difference in the formulation
properties comparing PVX conjugated with PEG10, PEG18, or
PEG25; PVX–PEG10 was selected for in vivo studies. Once the
tumor volume reached approximately 30 mm3, A20 tumor-
bearing mice were treated with PBS, PVX, or PVX–PEG10
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(n = 5 per group); three weekly injections at 0.1 mg dose were
administered by intratumoral administration (Fig. 2). As
reported in our previous study, PVX demonstrated potent
anti-tumor efficacy resulting in tumor growth control and
prolonged survival (Fig. 2B and C). This data was matched
using PVX–PEG indicating that crosslinking or PEGylation does
not impair the anti-tumor efficacy of PVX.

In our previous study we noted that PVX was rapidly cleared
from the TME and not detectable 72 hours post administration
– this is in stark contrast to CPMV which persists within the
TME.11 We wondered whether the stabilized crosslinked PVX–
PEG would have increased tissue residence and therefore
collected A20 tumors 24 hours post one administration of PVX

or PVX–PEG and imaged PVX by staining with an a-PVX antibody
and confocal microscopy. Indeed, data indicate increased
presence of PVX–PEG within the TME 24 hours post treatment
(Fig. 2D). Further research is required to investigate whether this
increased retention impacts the anti-tumor efficacy or whether
PEGylation changes the intratumoral cell uptake and innate
immune cell activation. However, we hypothesize that prolonged
TME residence time is beneficial for longitudinal immune signal-
ing and activation of the cancer immunity cycle.

Antibody recognition of PVX-PEG is reduced

Finally, we investigated whether the PVX–PEG10 formulation
conferred reduced antibody recognition. For this, we produced

Fig. 2 Anti-tumor efficacy of PVX and PVX–PEG10 against A20 lymphoma using BALB/C mice. (A) Treatment schedule. (B) Tumor growth curve and (C)
survival data were plotted for each group (**p o 0.01, ***p o 0.001). (D) Confocal microscopy of tumor sections collected 24 h post first treatment dose;
stained for DAPI and PVX.

Fig. 3 PEGylation reduced antibody recognition of PVX–PEG. (A) SDS–PAGE of PVX and Cy5-labeled PVX and crosslinked PVX–PEG10 imaged after
Coomassie staining and under white light (left) and using a red fluorescence channel confirming conjugation of the Cy5 dye. (B) Antibody recognition
sandwich assay (in triplicate) to detect binding of cy5-labeled PVX or crosslinked PVX–PEGn to an a-PVX coated plate. Imaging data in (B) and quantitative
data in (C).
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fluorescently-labeled PVX and PVX–PEG10 by targeting solvent-
exposed Cys side chains. Fewer than 10 Cy5 labels were
introduced per PVX or PVX–PEG10 and the fluorescence inten-
sity of the samples was comparable; covalent conjugation was
verified by SDS–PAGE (Fig. 3A). Polyclonocal a-PVX antibodies
from rabbits were coated on 96-well plates and binding of PVX
vs. PVX–PEG10 was tested by adding the samples to the wells.
This format was chosen to maintain the structure of PVX and
PVX–PEG10, and to avoid protein and polymer spreading which
can be observed when the virus nanoparticle samples are
immobilized on the plates instead. Imaging of the plates and
quantitative analysis with Fiji ImageJ showed that the PVX–
PEG10 has significantly reduced binding to the plates indicating
that the PEG coating forms an effective stealth coating to
reduce immune recognition. From a translational point of view
this may be important, because plant viruses are prevalent, and
several reports indicate human exposure and pre-existing
immunity against various plant viruses.16,17,23

Conclusions

Our study demonstrates the feasibility and efficacy of PEGy-
lated potato virus X (PVX–PEGn) as an intratumoral immu-
notherapy for B-cell lymphoma. We successfully synthesized
and characterized PVX–PEG, showing that PEGylation
enhances the formulation’s stability while maintaining its
immunostimulatory and anti-tumor properties. Importantly,
PVX–PEG exhibited prolonged retention in the tumor micro-
environment, suggesting potential benefits for sustained
immune activation. Furthermore, PEGylation reduced antibody
recognition, which may improve translational prospects by
mitigating concerns regarding pre-existing immunity and off-
target effects. In our previous work, we demonstrated that
localized treatment of a single cancerous lesion using plant
viruses, including PVX, can induce potent systemic anti-tumor
immunity leading to abscopal effect and long-lasting immune
memory.8,11,24 While further research using PVX–PEG in this
context is needed, we establish this formulation as a promising
candidate for further validation and potential future clinical
translation in intratumoral immunotherapy.

Materials & methods
Materials

All materials were bought from Thermo Fisher Scientific unless
stated otherwise. PVX was purified from N. benthamiana plants
as previously described.25 Native and PEGylated PVX were
diluted with 0.1 M potassium phosphate buffer pH 7.0 buffer
(denoted as KP buffer) unless stated otherwise. Native PVX,
PEGylated PVX, and reaction intermediates were stored at 4 1C
in 0.1 M KP unless stated otherwise.

Synthesis of PVX–PEG

Linear bis-PEGn-NHS esters (PEG10, PEG18, and PEG25) were
prepared as stock solutions at 100 mg mL�1 in DMSO and

added dropwise to PVX in KP buffer with a final ratio of CP to
PEG of 1 : 1, 1 : 5, 1 : 10, 1 : 15 and 1 : 18. The final concentration
of PVX was adjusted to 2 mg mL�1 in KP buffer and a final
DMSO concentration of 10% by volume. The reaction mixture
was incubated overnight at 4 1C and purified by ultracentrifu-
gation at 50 000g for 1 h on a 30% (w/v) sucrose cushion. The
purified crosslinked PVX was resuspended in KP buffer.

PVX concentration measurement

Particle concentration was determined using either UV-Vis
spectroscopy or the Piercet BCA Protein Assay Kit. Absorbance
at 260 nm and 280 nm was measured using a NanoDrop
spectrophotometer. The Beer–Lambert law and the extinction
coefficient of PVX at 260 nm (2.97 mL mg�1 cm�1) were applied
to the absorbance measurements to calculate the concen-
tration. The Piercet BCA Protein Assay Kit was used according
to the manufacturer’s instructions and read with the NanoDrop
spectrophotometer.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS–PAGE)

PVX and PVX–PEG (5 mg) were heated at 95 1C for 5 minutes
with NuPAGEt LDS Sample Buffer (4X) (Invitrogen). The dena-
tured samples were loaded onto precast 4–12% NuPAGEt Bis-
Tris gels (Invitrogen) and electrophoresed at 200 V, 120 mA,
and 25 W using 1X MOPS SDS running buffer (Invitrogen).
SeeBluet Plus2 Pre-stained Protein Standard (Invitrogen) was
loaded in a separate lane on each gel for molecular weight
estimation. Gels were removed from the casts, stained with
Coomassie Brilliant Blue R-250 (Thermo Fisher Scientific), and
imaged with an AlphaImager (ProteinSimple). Conjugation
rates were analyzed with ImageJ.

Dynamic light scattering (DLS)

PVX, PVX–PEG10, PVX–PEG18, and PVX–PEG25 (10 mL, 0.1 mg
mL�1) were run on a Zetasizer Nano ZSP/Zen5600 (Malvern
Panalytical) at 25 1C.

Transmission electron microscopy

PVX and PVX–PEG10 (10 mL, 0.1 mg mL�1) were diluted in
ultrapure water and applied onto easiGlow (PELCO) glow-
discharged formvar-coated grids (Electron Microscopy
Sciences). The grids were washed twice with 10 mL ultrapure
water (Invitrogen) for 45 seconds each time and stained twice
with 10 mL of 2% (w/v) uranyl acetate for 35 seconds each time.
TEM images were acquired using a JEOL 1400 Plus.

Formulation stability assays

For thermal stability assays PVX and PVX–PEG were used at 1
mg mL�1 in KP buffer. PVX and PVX–PEG samples were
incubated at 25 1C, 37 1C, 60 1C, 70 1C, and 80 1C – the
temperature was ramped from 25 1C to 80 1C within a period
of 15 min using a PCR thermocycler. Samples were cooled down
to room temperature and then transferred to a clear bottom 96-
well plate and absorbance at 600 nm was measured using a
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Tecan plate reader. Samples incubated at different tempera-
tures were also subjected to DLS measurements.

For stability assessment under biological conditions, blood
was collected from female BALB/c mice (Jackson Laboratory)
with lithium-heparin treated tubes by retro-orbital bleeding.
Mouse plasma was extracted by centrifugation the blood at
20 000g for 10 min at 4 1C. PVX and PVX–PEG (1 mg mL�1) were
then incubated in 50% (v/v) mouse plasma in KP buffer for 24
hours at 37 1C. Samples were then visually inspected for
aggregation.

A20 tumor mouse model

A20 B cell lymphoma cells (ATCC) were cultured in RPMI-1640
medium, supplemented with 10% (v/v) fetal bovine serum (FBS)
(Gibco), 1% (v/v) penicillin–streptomycin (10 000 U mL�1)
(Gibco), and 0.05 mM 2-mercaptoethanol, at 37 1C under 5%
CO2. A20 cells were passaged as per ATCC’s instruction.

Animal protocols were approved by University of California
San Diego’s Institutional Animal Care and Use Committee.
Female BALB/c mice (7–8 weeks old) were purchased from
Jackson Laboratory. To establish A20 dermal tumors, 2 �
105 cells in 30 mL PBS was inoculated intradermally into the
right flank of a BALB/c mouse. 100 mg PVX or PVX–PEG10 in
20 mL sterile PBS or 20 mL PBS for the control group was injected
intratumorally weekly for 3 times after the tumor volume
reaches 30 mm3. The mice were monitored three times every
week for tumor growth. The tumor size was measured as:

V ¼ L�W2

2
, where V is tumor volume, L is tumor length,

and W is tumor width (L 4 W). Mice were sacrificed when
the tumor reached 1000 mm3. Microsoft Excel and GraphPad
Prism 9 were used to run statistical tests and plot data.
Significances were determined by two-way analysis of variance
with Tukey’s multiple comparisons test in GraphPad Prism 9.
Survival data were compared with Mantel-Cox test in GraphPad
Prism 9.

Confocal microscopy

Mice were inoculated with A20 cells and treated as described
above. 24 hours post first intratumoral treatment, the tumors
were harvested, flash frozen in liquid nitrogen, embedded in
OCT medium, and then cut into 10 mm-thin sections using a
Leica microsystem CM1860 cryostat; the slides were then
mounted onto Superfrost Plus microscope slides. The sections
were washed in PBS for 5 min and fixed with 4% (v/v) paraf-
ormaldehyde in PBS for 10 min. After 3 washes in PBS (5 min/
time), the slides were blocked with 1% (w/v) bovine serum
albumin (BSA) in PBS with 0.1% (v/v) Tween-20 (PBST) for 1
hour at room temperature and then washed 3 times using
PBST. The slides were incubated using 1 mg mL�1 rabbit a-PVX
(Pacific Immunology) in PBST with 1% (w/v) BSA for 1 hour at
room temperature in the dark. After 3 washes, the slides were
incubated in 1 : 1000 diluted Alexa Fluor 488 goat anti-rabbit
IgG (Invitrogen Cat# A-11008) in PBST with 1% (w/v) BSA for 1
hour at room temperature in the dark and washed 3 times
using PBST. The slides were mounted with fluoroshield

containing DAPI (Sigma Aldrich) for 10 min at room tempera-
ture and sealed with a coverslip and nail polish. The slides were
viewed with a Nikon A1R confocal/TIRF STORM confocal
microscopy.

Fluorescent Cy5-labeled PVX and PVX–PEG

Cystine residues of the PVX or PVX–PEG (at 2 mg mL�1 in KP
buffer) was conjugated with Cy5-maleimide using a ratio of coat
protein and Cy5 of 1 : 10; Cy5; Cy5 was added in DMSO and the
final DMSO concentration was adjusted to 10% by volume.
Excess Cy5 was removed by ultracentrifugation at 50 000g for 1
hour at 4 1C; Cy5-labeled PVX and PVX–PEG were resuspended
in KP buffer and the number of dyes per particle was deter-
mined by UV/vis measurement using the PVX and Cy5-specific
extinction coefficients and Beer–Lambert law.

Antibody recognition assay

A 96-well plate was coated with 100 mL (1 mg mL�1) rabbit a-PVX
and incubated overnight at 4 1C. The plate was washed 3 times
using 200 mL PBS-T. Blocking was achieved using 100 mL of 3%
(w/v) BSA in PBS-T and incubation for 1 hour at 37 1C. The
plates were washed again 3 times with PBS-T. Then 10 mg PVX,
PVX-cy5, and PVX–PEG10-cy5 in 100 mL KP buffer were added
and incubated for 1 hour at 37 1C (in triplactes). The plate was
washed 3 times with PBS-T and imaged with a Bio-Rad GelDoc
at cy5 channel. The intensity was measured with Fiji ImageJ
software (https://imagej.net/software/fiji/).
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