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�
 ABSTRACT 

The optimal means to prime for effective antitumor immunity 
in a patient with cancer remain elusive in the current era of 
checkpoint blockade. Crafting a strategy to amplify the number 
and function of CD8+ T cells while blocking regulatory cells should 
increase immunotherapy efficacy. Biomaterial carriers have been 
demonstrated in preclinical studies to amplify the effects of im-
munomodulatory agents, synergistically integrate the effects of 
different agents, and concentrate and manipulate immune cells in 
vivo. Herein, we report data from a phase I trial in patients with 
metastatic melanoma who received the cytokine GM-CSF and the 

innate Toll-like receptor 9 agonist CpG oligonucleotide admixed 
with autologous tumor lysate onto a microporous poly-lactide-co- 
glycolide matrix polymer scaffold that achieves precise control over 
the spatial and temporal release of immunostimulatory agents in 
vivo. This materials system (WDVAX) served as a physical antigen- 
presenting structure to which dendritic cells and other immune- 
stimulating cells are recruited and activated. In this first clinical 
trial of a macroscale biomaterial–based vaccine, WDVAX treat-
ment was found to be feasible and to induce immune activation in 
patients with melanoma. 

Introduction 
Therapeutic cancer vaccines offer great potential for cancer im-

munotherapy, and various biomaterial carriers of antigens and ad-
juvants have been demonstrated to obviate delivery issues of typical 
cancer vaccine strategies (1–3). Although a number of nanoparticle 
approaches have been explored in cancer immunotherapy (3–8), 
there are also macroscale materials–based systems that can mimic 
immune reactions that occur during local infection (1, 2, 9–11). 
Following administration, these materials form a defined microen-
vironment with micro-sized pores capable of housing recruited 
immune cells, and both antigen and adjuvant can be locally re-
leased over various time scales (1, 2, 9, 11–13). Efficient lymph 

node homing of the resulting antigen-loaded, activated antigen- 
presenting cells has been demonstrated (9–11). 

The cytokine GM-CSF possesses potential dual roles in tumor 
immunity. Although it can lead to the accumulation and prolifer-
ation of dendritic cells, the homeostatic function of GM-CSF 
maintains immune tolerance by supporting regulatory T cells (Treg) 
through the production of TGF-β, MHC class II, and CCL22 by 
dendritic cells. However, in the presence of a second signal (e.g., a 
ligand for a Toll-like receptor), this tolerance pathway is down-
regulated, and GM-CSF activity on dendritic cells switches toward 
immune stimulation, with the induction of Th1, Th17, and CD8+ 

T cells (14–17). These results suggest that codelivery of GM-CSF 
with a Toll-like receptor agonist might lead to the activation of 
dendritic cells and sustained induction of cytotoxic T cells (an an-
titumor dendritic cell–directed immune response) while diminish-
ing the protoleragenic generation of Tregs. 

In this study, we have utilized a macroporous poly-lactide-co- 
glycolide (PLG) matrix polymer scaffold that allows precise control 
over the spatial and temporal release of the immunostimulatory 
agents GM-CSF and CpG oligonucleotides in vivo (9, 10). This 
macroscale materials system serves as a physical, antigen-presenting 
structure with a large surface area to which dendritic cells (and 
other immune elements) may be recruited and then activated. We 
have previously shown that subcutaneous implantation of the GM- 
CSF/CpG/melanoma cell lysate–containing scaffolds in mice resul-
ted in the local recruitment of dendritic cell responses that persisted 
for 2 weeks and were associated with increasing levels of IL12, IFN- 
α, and IFN-γ and the regression of day 9 tumors in approximately 
half of the animals (10). PLG degrades by simple hydrolysis of ester 
bonds into lactic acid and glycolic acids, which are removed by 
normal metabolic pathways (9, 18, 19), and it is one of the few 
biodegradable polymers approved for human use by the FDA (20). 

We hypothesized that this engineered scaffold cancer vaccine, 
which we termed WDVAX, can generate effective antitumor immunity 
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by optimizing tumor antigen presentation while limiting the gen-
eration of Tregs, resulting in a beneficial antitumor microenviron-
ment of immune effector cells and cytokines. To test this hypothesis, 
we conducted a first-in-human trial of WDVAX in patients with 
metastatic melanoma. 

Materials and Methods 
Study design 

In this phase I trial of WDVAX, participants with stage IV 
melanoma and surgically accessible metastases were evaluated in a 
dose-escalation design based on decreasing time intervals between 
scaffold implantations: cohort 1 at monthly intervals, cohort 2 at 3- 
week intervals, and cohort 3 at 2-week intervals. There were three 
cohorts of five participants each. If no grade 3 or higher toxicities 
related to scaffold implantation were observed, up to an additional 
10 participants were planned at the highest dose level (maximum 
tolerated dose; shortest interval time) as an expansion cohort 
(Supplementary Fig. S1). The primary study objectives were to de-
termine the feasibility of WDVAX for metastatic melanoma and to 
assess the safety and biological activity of WDVAX. The secondary 
objectives included overall survival and analysis of immune 
response. 

Feasibility was assessed by the ability to make WDVAX from 
tumor samples in quantities sufficient for four vaccinations. We also 
aimed that the time between resection and the first vaccine treat-
ment was not more than 28 days. The primary assessment of fea-
sibility was based on the 15 participants enrolled in the dose- 
escalation cohorts. WDVAX therapy would be considered feasible if 
no more than 50% of participants had insufficient vaccine or began 
therapy more than 28 days after resection. Toxicities were reported 
using the Common Terminology Criteria for Adverse Events ver-
sion 4.0. Each event type was classified according to the worst grade 
reported in a patient for that event. 

The eligibility criteria for participants with stage IV melanoma 
included surgically accessible metastasis and a performance status of 
0 to 1. All participants provided written informed consent prior to 
enrollment. The clinical study was approved and monitored by the 
Dana-Farber/Harvard Cancer Center Institutional Review Board 
(Clinicaltrials.gov: NCT01753089). Dana-Farber/Harvard Cancer 
Center is guided in its human subject research by the ethical prin-
ciples set forth in the Belmont Report. 

GM-CSF microsphere preparation 
The microspheres were manufactured using a double emulsion 

process to encapsulate GM-CSF. GM-CSF (Leukine, sargramostim; 
recombinant GM-CSF-Yeast-Expressed; Sanofi), lyophilized 250 μg/ 
vial (1.4 � 106 IU/vial) was obtained through the Dana-Farber 
Cancer Institute Pharmacy. Encapsulation within the poly-lactic-co- 
glycolic acid (PLGA) microsphere (Supplementary Fig. S2) was 
performed by Phosphorex, Inc. The first emulsion solution was 
prepared by dissolving PLGA (LakeShore Biomedical) in ethyl ac-
etate (Sigma-Aldrich) while stirring. The second emulsion solution 
was prepared by adding 7% ethyl acetate and 1% polyvinyl alcohol 
(PVA; Sigma-Aldrich) to deionized water (Lonza Walkersville Inc.) 
and mixing for 10 minutes. Microspheres were rinsed in a solution 
made by adding 7% ethyl acetate and 0.3% PVA to deionized water 
and mixing thoroughly. Nine-hundred microliters of the first 
emulsion solution was added to a 2 mL siliconized glass tube. Using 
a pipette, 100 μL of a 130 μg GM-CSF solution was added to 900 μL 
of water. The solution was then exposed to sonication (Branson 

Ultrasonics) for 15 seconds at 60 AMPs to create spheres of the GM- 
CSF solution, which were then coated with the dissolved PLGA 
polymer. The second emulsion precipitated the polymer by reducing 
the solubility of the PLGA, creating a solid coating around the GM- 
CSF solution. The combination of the first and second emulsions 
was then quickly added to a 200 mL bath containing 7% ethyl 
acetate, 0.3% PVA, and deionized water. This final bath removed 
additional solvent from the microspheres, and the stirring motion 
served to separate the microspheres. The microspheres were allowed 
to stir for 3 hours, during which time the ethyl acetate evaporated 
from the baths, causing additional solvent to be extracted from the 
microspheres. After rinsing, the microspheres were filtered to sep-
arate them from the rinse bath. The spheres were rinsed in a con-
tainer with deionized water, flash-frozen, and lyophilized. GM-CSF 
microspheres were tested for GM-CSF content by ELISA, particle 
size, sterility, and endotoxin prior to release and were then stored 
at �20°C until needed. 

Condensation of oligonucleotide 
To incorporate CpG oligonucleotide (Pfizer) into PLGA scaffolds, 

it must first be condensed with polyethylenimine (PEI; Sigma- 
Aldrich). Clinical-grade CpG (7909 Lot AQQ-06H-008) was ob-
tained from Pfizer via PPD. The process used to prepare the con-
densed oligonucleotide began with a solution prepared by adding 
15 mg of oligonucleotide to 50 mL of deionized water. A PEI 
working solution (4.3 mg/mL) was prepared and adjusted to a pH of 
7.4. Sixty-three microliters of the PEI working solution was added to 
1.937 mL of PBS and vortexed. To condense the oligonucleotide, 
1 mL of the oligonucleotide solution was added dropwise to the PEI/ 
PBS solution while vortexing. The condensed oligonucleotide so-
lution was allowed to stand for 15 minutes, and then 60 μL of a 50% 
sucrose solution (Sigma-Aldrich) was added and vortexed. The 
sucrose was used to stabilize the oligonucleotide and served as a 
vehicle to handle the small amounts of condensed oligonucleotide. 
Each 2 mL preparation represented one device equivalent of oli-
gonucleotide (300 μL). The condensed oligonucleotide solution was 
frozen in an �80°C freezer and then lyophilized. The condensed 
oligonucleotide was then stored at �20°C until use (Supplementary 
Fig. S3). 

Uncondensed oligonucleotide assay 
The oligonucleotide (CpG, Pfizer) used in the manufacturing 

process was condensed with PEI and then lyophilized in a PBS and 
sucrose solution (see “Condensation of oligonucleotide”). To con-
duct the uncondensed oligonucleotide assay, the oligonucleotide 
was dissolved in water for infusion. Serial dilutions were performed 
to achieve concentrations that were within the range of the assay. 
The fluorescent stain used in the assay binds to the nucleic acid in 
order to quantify content. 

This assay was used to analyze unprocessed CpG samples. Oli-
gonucleotide samples were quantified using the Quant-iT OliGreen 
ssDNA Reagent from Invitrogen. OliGreen is an ultrasensitive 
nucleic acid stain for quantifying oligonucleotides in solution. It is 
tenfold more sensitive than traditional quantitation by ultraviolet 
absorbance. Once bound to DNA, OliGreen fluoresces at a specific 
wavelength (excitation 480 nm; emission 520 nm). A standard curve 
ranging from 1.0 to 3.0 μg/mL was generated using a commercially 
purchased oligonucleotide standard. The oligonucleotide standard 
and test samples were diluted in parity to maintain matrix consis-
tency between them. The OliGreen reagent containing the fluores-
cent stain was diluted 1:200 in PBS. One-hundred microliters of this 
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diluted reagent was added to 100 μL of the samples and standards in 
a black-bottom 96-well plate. The plate was mixed, and the fluo-
rescence was measured using a plate reader set to an excitation of 
480 nm and an emission of 520 nm. The unknown samples were 
quantified by comparison with the standard curve. 

Condensed oligonucelotide assay 
The oligonucleotide (CpG) used in the manufacturing process 

was condensed with PEI and then lyophilized in a PBS and sucrose 
solution (see “Condensation of oligonucleotide”). Oligonucleotide 
samples were quantified using the Quant-iT OliGreen ssDNA Re-
agent from Invitrogen. To conduct the assay, the condensed, ly-
ophilized oligonucleotide was reconstituted in water. Serial dilutions 
were performed to achieve concentrations that were within the 
range of the assay. Heparin (Sigma-Aldrich; Cat. # H3149) was 
added to each of the samples to a final concentration of 32 ng/mL. 
The heparin disassociated the oligonucleotide from the PEI, allow-
ing the fluorescent stain used in the assay to bind to the nucleic acid; 
the assay was conducted as per the uncondensed assay mentioned 
above. 

GM-CSF microspheres and final scaffold assay 
The GM-CSF (Leukine) used in the manufacturing process was 

encapsulated in PLGA microspheres, which then underwent CO2 
foaming prior to incorporation into the final scaffold product. To 
conduct the GM-CSF ELISA, the microspheres or scaffolds were 
extracted in glacial acetic acid overnight. The samples were then 
mixed with methylene chloride and then with PBS. Serial dilutions 
were performed to achieve concentrations that were within the 
range of the assay. Standard (Leukine) preparation was performed 
in parity with samples with the omission of methylene chloride to 
establish a standard curve range from 100 to 500 pg/mL. The un-
known samples were quantified by comparison with the standard 
curve. 

This assay was used to analyze in-process and product release 
samples. Samples assayed for GM-CSF concentration were quanti-
fied using a commercially available ELISA kit from R&D Systems, 
Inc. This assay uses the quantitative sandwich enzyme immunoassay 
technique. A mAb specific for GM-CSF has been precoated onto a 
microplate. Standards and samples were diluted in parity in order to 
maintain sample matrix consistency and were subsequently pipetted 
into the wells, where any GM-CSF present was bound by the 
immobilized antibody. After washing away any unbound sub-
stances, an enzyme-linked antibody specific for GM-CSF was added 
to the wells. Following a wash to remove any unbound antibody– 
enzyme reagent, a substrate solution was added to the wells, and 
color developed in proportion to the amount of GM-CSF bound in 
the initial step. The color development was stopped, and the in-
tensity of the color was measured at 450 nm. This assay recognizes 
both natural and recombinant human GM-CSF. 

Final scaffold oligonucleotide assay 
The CpG content in final scaffolds was assayed using a com-

mercial fluorescence ssDNA-binding assay. To conduct the assay, 
the final scaffolds were extracted overnight at 37°C in 3 mL of a 
0.32 mg/mL heparin solution. The heparin disassociates the oligo-
nucleotide from the PEI, allowing the fluorescent stain used in the 
assay to bind to the nucleic acid. Extraction samples were subse-
quently processed using a commercial nucleotide removal kit in 
order to isolate the CpG from the tumor lysate. 

This assay was used to analyze final scaffold samples. Oligonu-
cleotide samples were quantified using the Quant-iT OliGreen 
ssDNA Reagent from Invitrogen. OliGreen is an ultrasensitive 
nucleic acid stain for quantifying oligonucleotides in solution. It is 
tenfold more sensitive than traditional quantitation by ultraviolet 
absorbance. Once bound to DNA, OliGreen fluoresces at a specific 
wavelength (excitation 480 nm; emission 520 nm). A standard curve 
ranging from 0.6 to 5.0 μg/mL was generated using an in-house 
oligonucleotide standard. The oligonucleotide standard was pre-
pared using a dilution matrix in parity with that of the samples. The 
OliGreen reagent, containing the fluorescent stain, was diluted 
1:200 in PBS. One-hundred microliters of this diluted reagent was 
added to 100 μL of the samples and standards in a black-bottom 96- 
well plate. The plate was mixed, and the fluorescence was measured 
using a plate reader set to an excitation of 480 nm and an emission 
of 520 nm. The unknown samples were quantified by comparison 
with the standard curve. 

Scaffold preparation in GMP facility 
Melanoma tumor biopsies from the patients enrolled in the trial 

were collected at Brigham and Women’s Hospital and transported 
to the Cell Manipulation Core Facility at Dana-Farber Cancer In-
stitute, Boston. A sample was taken for sterility testing, and tissue 
was placed in medium with gentamicin and maintained at 4°C 
overnight. Tumor digestion was initiated the following morning, 
with the biopsy cut into small pieces in a biological safety cabinet 
using scalpels and forceps. A single-cell suspension was then created 
by enzymatic digestion with collagenase in a sterile bag in a stom-
acher. After digestion, cells were washed and counted. For the first 
18 patients, RBCs were removed via Ficoll density centrifugation. It 
was subsequently deemed that RBC removal was no longer required. 
If insufficient cells were recovered, the tumor cell suspension was 
placed into short-term culture for expansion. The minimum num-
ber of cells required to begin the manufacturing of tumor lysate was 
1.3 � 106 cells. If less than 1.3 � 106 cells were recovered, the cells 
could be placed into short-term culture for expansion. The medium 
for short-term culture was DMEM (Gibco), 10% FBS (HyClone), 
and gentamicin (final concentration 50 μg/mL). Adherent cell cul-
ture was initiated in tissue culture plates or tissue culture dishes. 
Cells were observed every 2 to 3 days. If >80% confluent, the cells 
were trypsinized (trypsin 0.9% EDTA, Gibco) and counted. If the 
minimum cell number was reached, lysate manufacture could begin. 
If the minimum cell number was not reached, the cells were placed 
back into culture. If confluence was <80%, a media change was 
performed. Tumor cell lysate was prepared from the digested or 
cultured tumor cell suspensions by four freeze-thaws in liquid N2. 
Lysate was stored at ≤ �30°C until scaffold manufacture was 
initiated. 

To prepare lysate-coated microspheres, lysate was thawed at 
ambient temperature. Lyophilized GM-CSF (0.180 g) was added to 
the lysate and vortexed. The vortexed lysate/microspheres were then 
submerged in liquid N2 for 15 to 20 minutes, and the frozen mixture 
was lyophilized for approximately 96 hours. Lysate-coated micro-
spheres were stored at �30°C or processed directly for final scaffold 
manufacture. 

To prepare the final WDVAX scaffold, lysate-coated micro-
spheres and oligonucleotide were thawed at ambient temperature, 
and the oligonucleotide (0.300–0.310 g) was added to the lysate- 
coated microspheres. Approximately 1.3 g of sucrose was added to 
the oligo-/lysate-coated microspheres and mixed very well with a 
sterile spatula. Individual scaffolds were made by weighing out 
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0.175 ± 0.005 g into a tablet press and pressed for 1 minute at 
1,500 psi. Tablets were then placed in a pressure vessel for CO2 
foaming at approximately 800 psi for approximately 16 hours. Ten 
tablets/scaffolds were made for each patient and placed into indi-
vidual sterile vials and stored at ≤ �80°C. For each patient, five 
scaffolds were used for testing. Three were used for release testing, 
and two were used for measurement of GM-CSF and oligo content 
(nonrelease). Five scaffolds were reserved for patient administration 
(four doses and one backup). 

Final scaffold total protein 
The melanoma tumor lysate in the final scaffolds was assayed 

using a commercial bicinchoninic acid (BCA) protein assay. Sample 
serial dilutions were performed in 0.1 N sodium hydroxide to 
achieve concentrations that were within the range of the assay. The 
BCA protein reagent used in the assay binds to proteins through 
copper (IV) complexes to quantify content. 

This assay was used to determine the total protein in the final 
scaffold samples. Scaffold samples were quantified using the BCA 
protein assay from Thermo Electron. BCA is a sensitive protein 
assay for quantifying protein in solution. Scaffold samples were 
extracted in 0.1 N sodium hydroxide. A standard curve ranging 
from 100 to 400 μg/mL was generated using a commercially pur-
chased melanoma cell lysate standard. The lysate standard and 
samples were serially diluted in 0.1 N sodium hydroxide in order to 
maintain matrix consistency between them. The BCA working re-
agent was prepared by combining 25 parts reagent A, 23 parts re-
agent B, and 2 parts reagent C. One-hundred microliters of the BCA 
working reagent was added to 100 μL of the sample and standards in 
a 96-well plate. The unknown samples were quantified by com-
parison with the standard curve. 

Release criteria and preparation of the final product for 
implantation 

Each scaffold was required to have the equivalent of 1 � 105 to 
1 � 107 viable cells/scaffold. If melanoma cells were cultured prior 
to preparation, the lysate was required to be negative for Myco-
plasma by qPCR. If cell culture was performed, Mycoplasma testing 
was performed by Labs, Inc. (now Eurofins VRL). Testing was 
conducted using the MycoSEQ test kit. Fourteen-day sterility testing 
was conducted in the Cell Manipulation Core Facility using the 
BACT Alert System. Two scaffolds were tested for bacterial and 
fungal sterility by direct inoculation and were required to be neg-
ative after 14 days of incubation. On the day of implantation, the 
WDVAX scaffold was removed from the freezer and incubated with 
10 mL of sterile water for injection. After 3 hours of incubation, 
9.5 mL of leached water for injection was removed and tested for 
endotoxin and Gram stain. Endotoxin testing was performed in the 
Cell Manipulation Core Facility using the Endosafe PTS system. 
Gram stain was performed at Brigham and Women’s Hospital 
Microbiology Lab. The scaffold was kept in the remaining 0.5 mL of 
sterile water until Gram stain and endotoxin results were available. 
If the two remaining release tests were negative, the scaffold was 
brought to the procedure room for surgical implantation. 

Scaffold toughness and modulus determination 
The moduli and mechanical toughness of vaccines were deter-

mined via three-point bend testing using a texture analyzer (TA.XT 
Plus, Texture Technologies Corp.). Scaffold dimensions were ac-
curately measured using a micrometer prior to compression testing 
(probe: HDP/3PB). The scaffold was placed on a three-point stage 

with quantification conducted under compression test mode (strain 
target ¼ 5%, test speed ¼ 0.6 mm/minute, post speed ¼ 1.8 mm/ 
minute, and trigger force ¼ 2.0 g). 

Immunostaining 
All biopsy samples at the time points indicated in the text were 

formalin-fixed and paraffin-embedded according to standard his-
topathology protocols. “Pre” biopsies were collected prior to 
WDVAX administration, whereas “Post” biopsies were collected 
after WDVAX administration. Chromogenic IHC and multiplexed 
immunofluorescence (IF) were performed by staining 4-mm- 
thick formalin-fixed, paraffin-embedded whole-tissue sections 
with standard primary antibodies (Supplementary Table S1) per 
published protocols (21, 22). IF-stained slides were imaged with 
a PerkinElmer/Akoya Mantra microscope, and images were an-
alyzed and quantified using inForm software (Akoya) per stan-
dard protocols (21, 22). 

Soluble biomarker detection 
Paired patient plasma samples from “pre” and “post” adminis-

tration of WDVAX were thawed from storage in a �80°C freezer 
and immediately assayed for the detection of MIP1α, Ip10, IL1β, 
IL2, IL4, IL5, IL2R, IL6, IL7, IL8, IL10, IL12p70, IL13, IL17α, IL1RA, 
GCSF, IFNγ, GMCSF, TNFα, MIP1β, MCP1, TNFβ, ENA78, IL1a, 
IL15, MCP3, IL3, CD40L, and VEGFA using a custom ProcartaPlex 
Immunoassays (Thermo Fisher Scientific). Samples were tested in 
duplicate according to the manufacturer’s protocol and measured 
using the Luminex FLEXMAP 3D System (Luminex Corporation). 
Markers were quantified by standard curve extrapolation. Changes 
over time were statistically analyzed using the longitudinal mixed 
modeling of the log2 transform of the fold change in concentration 
relative to pretreatment. 

CyTOF 
Peripheral blood mononuclear cells (PBMC) collected at three 

time points (pre: pretreatment; post 1: after the second implant; 
and post 2: after the fourth implant) were analyzed by cytometry 
by time of flight (CyTOF) as previously described (23). Briefly, 
PBMCs were thawed, washed, stained with two optimized anti-
body panels (Supplementary Table S2), and run on a Helios mass 
cytometer (Fluidigm), with a reference sample spike-in to con-
trol for batch effects (24). Data in the form of .fcs files were 
normalized, concatenated, and debarcoded before analysis. Pop-
ulation frequencies were determined by manual gating in FlowJo 
(FlowJo LLC, version 10.6). 

Unsupervised analysis of patient immune profiles 
Preprocessing 

Single-cell CyTOF intensities from each patient were imported 
into R version 4.0.5. Outliers, defined as cells with any channel value 
outside five SDs from the mean in either direction, were filtered out. 
The cells from each patient were then annotated with the patient 
identification (ID) and other clinical and vaccine formulation in-
formation, after which they were down-sampled to keep the same 
number of cells per patient. Fully annotated, down-sampled cells 
from all patients were pooled together for downstream analyses. 

Dimensionality reduction 
Dimensionality reduction was performed using the Uniform 

Manifold Approximation and Projection for Dimension Reduction 
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(UMAP) package version 0.2.7 (25). UMAPs were plotted as scatter 
plots using ggplot2 version 3.3.3 (26) and annotated with the vari-
ous marker intensities. 

K-means 
K-means was performed independently on the pooled, pre-

processed cells without first performing dimensionality reduction. 
First, an elbow plot was generated to determine the optimum 
number of clusters (K) by estimating the total within the sum of 
squares iterated from K ¼ 1 to 15. The optimum K was estimated as 
the point at which increasing K does not substantially decrease the 
total within the sum of the squares of Euclidean distances between 
cells and K-cluster centroids. K-means clustering was then per-
formed on the cells using the optimum number of clusters, after 
which the cluster assigned to each cell was overlaid onto the inde-
pendently generated UMAP scatter plot to show concordance. The 
phenotypic markers that characterize a specific cluster (i.e., cluster 
centers) were then estimated by calculating the mean expression of 
each marker in each cluster and representing them as heatmaps 
using the pheatmap package version 1.0.12 (27). Clusters were 
assigned labels according to their phenotypes by expert review, and 
cell-type cluster frequencies were calculated for each patient. 

Estimating trends of immune populations across time points 
First, frequencies of cells in each cluster that belong to each patient 

at pre and either post 1 or post 2 time points were estimated. The 
frequencies were then split by patient ID, after which pairwise Eu-
clidean distances were calculated per cluster for each patient between 
pre– and post 1– or post 2–time points, giving us the magnitude by 
which the immune profiles of each patient changed in the various 
clusters after treatment. The directions of change were defined as neg-
ative if, for a given patient, the frequency of cells in a cluster was higher 
at the pre–time point than at posttreatment, and vice versa. P values 
were determined by one-way ANOVA with repeated measures. 

Data availability 
The data generated in this study are available in the article, its sup-

plementary files, and the Code Ocean capsule https://codeocean.com/ 
capsule/3196830/tree/v1 or from the corresponding author upon request. 

Results 
Patients 

Twenty-three patients were enrolled in three cohorts [cohort 1 (C1): 
n ¼ 5, cohort 2 (C2): n ¼ 5, and cohort 3 (C3; maximum tolerated 
dose): n ¼ 13 (dose escalation: n ¼ 5, dose expansion: n ¼ 8)]. Patient 
characteristics are summarized in Table 1. All patients were White and 
non-Hispanic, and 57% were male. The median age at enrollment was 
61 years (range: 42–85). Background information on melanoma and the 
representativeness of our study population is summarized in Supple-
mentary Table S3. Approximately 70% (16 of 23) of patients reported 
prior therapy (including seven with prior anti–PD-1). Five of 23 patients 
had BRAFV600E, and two harbored wild-type proteins. Ninety-six per-
cent of patients (22 of 23) had Eastern Cooperative Oncology Group 
performance status ¼ 0 (fully active). Among 21 patients who received 
at least one dose of vaccine (Fig. 1), the median follow-up was 
21.1 months (inverted Kaplan–Meier). 

Feasibility 
WDVAX was prepared in sufficient quantity for all but 1 of the 

23 patients enrolled in the trial. All 15 participants in the three dose- 

escalation cohorts had their vaccines manufactured successfully, 
with a median of 10 vaccines manufactured per participant (range: 
5–10) that satisfied the release criteria. One patient had disease 
progression prior to implantation. In the remaining 14 patients, the 
median number of days between tissue procurement and implan-
tation of the first vaccine was 66 days (range: 29–116 days). 

One of eight patients in the expansion cohort had insufficient 
tissue for vaccine production; five vaccines per patient were suc-
cessfully produced for each of the remaining seven patients (Sup-
plementary Fig. S1). The median number of days until the first 
implantation in this group was 35 days (range: 27–47 days). The 
vaccine implantation occurred in the outpatient setting via a small 
incision in the upper arms or thighs, followed by subcutaneous 
implantation of the device and subsequent closure with suture 
placement. 

Table 1. Demographic characteristics. 

All 

N % 

Sex 
Female 10 43.5 
Male 13 56.5 

Age (years) 
Median (range) 61 (42–85) 

Race 
White 23 100.0 

Ethnicity 
Non-Hispanic 23 100.0 

Eastern Cooperative Oncology Group performance status 
0 22 95.7 
1 1 4.3 

Number of prior therapies 
0 7 30.4 
1–2 12 52.2 
3–5 4 17.4 

Types of prior therapies (may have more than one) 
Immunotherapy 12 52.2 
BRAF inhibitor 3 13.0 
Kinase inhibitor 1 4.3 
MEK inhibitor 1 4.3 
Radiation 3 13.0 
Chemoradiation 1 4.3 
Radiosurgery 1 4.3 
Chemotherapy 1 4.3 
GVAX 1 4.3 
Temozolomide 1 4.3 

BRAF mutation 
No 12 52.2 
Yes 7 30.4 
Not done 4 17.4 

Site of disease 
Extremities 6 25.8 
Trunk 5 21.6 
Eyes 1 4.3 
Head and neck 2 8.6 
Lobe, left lower 1 4.3 
Lymph nodes, axillary 2 8.7 
Skin 2 8.7 
Testicle 1 4.3 
Unknown 3 13.0 
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Vaccine characterization 
Analysis of vaccines prepared for each of the enrolled patients 

generally confirmed the desired inclusion of GM-CSF, CpG oligo-
nucleotides, and lysate prepared from the patients’ tumors or tumor 
cells (collected from metastatic sites), which were culture-expanded 
to prepare the lysate. The average mass of vaccines was 26 ± 17 mg/ 
scaffold (Supplementary Fig. S4A). The physical stability of the 
biomaterial vaccines was quantified by determination of compres-
sive modulus and toughness, and median values were 430 and 
2,300 Pa, respectively (Supplementary Fig. S4B and S4C), support-
ing the ability of the vaccines to remain intact during and after 
implantation. The mean GM-CSF content was 3.8 ± 2.0 μg, with 
mean CpG content of 89 ± 45 μg (Supplementary Fig. S4D and S4E). 
The cell equivalent of the lysate in each vaccine ranged from 0.1 to 
10 million cells/scaffold (mean ¼ 1.6 ± 2.6 million cells/scaffold; 
Supplementary Fig. S4F); the high variability was due to the varying 
tumor mass available for each patient. The average loading of bio-
active agents was similar to those targeted in the vaccine design 
(3 μg GM-CSF, 100 μg CpG, 105–107 cell equivalents per scaffold). 

Toxicities/adverse events 
Nineteen of 21 vaccinated patients (90.5%) had one or more 

adverse events that were considered at least possibly related to the 
vaccine (Supplementary Table S4), including one case of grade 
3 pneumonitis (cohort 3). There were no treatment-related grade 
4 adverse events. The rate of treatment-related grade 3 to 4 adverse 
events was 4.8% [1 of 21, 90% confidence interval (CI), 0.2%– 
20.6%]. The most commonly occurring adverse events of all attri-
butions were injection site reaction (16), hyperglycemia (9), and 
fatigue (Supplementary Table S5; ref. 8). No fatal adverse events 
occurred. The rate of grade 3 to 4 adverse events of all attributions 
among 21 treated patients was 23.8% (5 of 21; 90% CI, 9.9%–43.7%). 

Survival of vaccinated patients 
There were six deaths among 21 vaccinated patients (28.6%). All 

deaths were due to disease progression. There were no deaths in 
cohort 2. The median survival for the group as a whole was not 

reached; the 12-month survival estimate was 94% (90% CI, 72%– 
99%). There were 12 patients with disease progression (57.1%). The 
median time to progression (TTP) was 12.4 months (90% CI, 6.7– 
not reached); the 12-month TTP was 51% (90% CI, 28%–70%). The 
overall survival and TTP are presented in Fig. 2. 

Best overall response 
Best overall response (BOR) by cohort and overall for 21 vacci-

nated patients is summarized in Supplementary Table S6. Nine 
patients (42.9%; 90% CI, 24%–63%) had a BOR of stable disease, 
and 10 (47.6%) had a BOR of disease progression. 

Vaccine and delayed-type hypersensitivity site reactions 
Device-site reactions were recorded; among 21 patients who re-

ceived the first vaccine, 18 reported erythema and 13 reported in-
durations. Representative local erythema at the site of WDVAX 
administration and histologic analyses are shown in Fig. 3A–C. 
Supplementary Table S7 summarizes induration and erythema 
(both in cm2) by time point and cohort in patients reporting these 
reactions. Two patients, #1 and #21, had sufficient cells to test 
delayed-type hypersensitivity (DTH) with injections of lysate. Pa-
tient #1 had concurrent administration with vaccine #1, and patient 
#21 had DTH tested with vaccines #1 and #4. 

Tumor immune microenvironment before and after 
vaccination 

The quantification of melanoma (SOX10+) and immune PD-L1+ 

cells detected by multiplex IF (Fig. 4A) revealed a large range in the 
abundance of SOX10+PD-L1+ coexpressing cells across the pre-
treatment cohort (Fig. 4E). The quantitative analysis demonstrated 
high variability in immune cell population densities among the 
15 patients with available pretreatment biopsies. In the patients with 
paired pre- and posttreatment biopsies, there was no clear change in 
SOX10+PD-L1+ cells by this analysis (Fig. 4F). T-cell and dendritic 
cell lineages were quantified by multiplex IF in tumor site biopsies 
from patients treated with WDVAX. T cells were identified using 
CD4 and CD8 (Fig. 4B, C, G, and H), whereas dendritic cells were 

Patient experience on treatment
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Figure 1. 
Swimmer plot of patient experience on WDVAX. 
Swimmer plot of treatment duration and key clini-
cal events for 21 patients treated with WDVAX. 
Each bar represents an individual patient, with the 
length corresponding to the duration of treatment. 
Symbols indicate key clinical events, such as dura-
tion of vaccine, disease progression, and change in 
participation status. Colors represent different 
dose-escalation cohorts, as detailed in the figure 
legend. Time on treatment is shown on the x-axis in 
months. Patients are ordered by time on treatment 
within the dose-escalation cohort. PD, progressive 
disease. 
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quantified using CD11c and CD68 (Fig. 4D, I, and J). There was a 
statistically significant increase in CD4+ T-cell infiltration in five 
patients with matched pre- and posttreatment biopsies (Fig. 4G; 
Supplementary Fig. S5; P ¼ 0.03), which is potentially indicative of 
their tissue-homing and helper role in orchestrating a wider im-
mune response. Although two patients (patients #8 and #15) 
exhibited an increase in CD8+ T-cell density, there was no clear 
trend in CD8+ densities in these pre- and posttreatment samples 
(Fig. 4H; Supplementary Fig. S5; P > 0.05). Assessment of myeloid 
populations showed variability among patients, and none of the 
myeloid markers (CD68 or CD11c) showed a consistent trend be-
tween pre– and post 1– and post–2 time points (Fig. 4D, I, and J; 
Supplementary Fig. S5; P > 0.05). Assessment of these paired 
samples, although limited in number, implies varied biological ac-
tion of the vaccine with heterogeneous induction of T cells and 
myeloid cells and lends support to the immunogenicity of the 
whole-lysate vaccine. 

PBMCs were assigned to clusters according to their distinct 
immune cell phenotypes 

To comprehensively characterize the systemic changes in the 
immune landscape induced by WDVAX in treated patients, we 
performed an in-depth, high-dimensional, single-cell analysis using 
mass cytometry. PBMCs were collected from patients across three 

time points: pre, post 1, and post 2. We analyzed changes in im-
mune cell populations using a panel covering major immune line-
ages and markers (Supplementary Table S2) related to immune cell 
functions for innate and adaptive responses. K-means clustering 
identified 12 distinct immune populations (Fig. 5A and B; Sup-
plementary Fig. S6). These populations included myeloid cells 
(CD11b+), T cells (CD3+), and NK cells (CD56+; Fig. 5C–E). The 
analyzed cell clusters did not significantly change through the 
course of treatment (Fig. 5F). 

Circulating soluble factors in response to vaccination 
To understand the extent to which vaccination modulated the 

profiles of circulating chemokines, cytokines, and growth factors, 
Luminex analysis of matched plasma was performed for each pa-
tient pre- and posttreatment. Luminex detected 12 markers: IP10, 
IL4, IL2R, IL7, IL10, IL17A, MCP1, ENA78, MCP3, CD40L, IL1A, 
and VEGF-A. Of these, there were marginally significant increases 
in the concentrations of circulating VEGF-A and CD40L between 
pre– and post 2–time points (Fig. 6). 

Discussion 
Vaccinating patients with metastatic melanoma with a person-

alized dendritic cell–activating scaffold incorporating autologous 
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Figure 2. 
Overall survival (OS) and TTP. Kaplan–Meier estimates of OS and TTP for 21 patients treated with WDVAX. The median OS was not reached. The 12- and 18-month 
OS estimates were 0.94 (90% CI, 0.72–0.99) and 0.63 (90% CI, 0.37–0.80), respectively. The median TTP was 12.4 months (90% CI, 6.7–not reached), and the 12- 
and 18-month estimates were 0.51 (90% CI, 0.28–0.70) and 0.45 (90% CI, 0.23–0.65), respectively. CIs are estimated using the log(�log) transformation method. 
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Figure 3. 
Vaccine and delayed-type hypersensitivity site re-
actions. A, Photograph depicting local erythema in 
a representative patient at the site of WDVAX 
administration after treatment. B and C, Repre-
sentative IHC staining for the indicated markers in 
a tissue biopsy taken prior to (pretreatment) or 
after WDVAX (posttreatment) showing (B) an in-
crease in CD3+, CD8+, and FOXP3+ immune cell pop-
ulations and (C) an increase in the immune activation 
and exhaustion markers PD-1, TIM3, and LAG3. 
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cell lysate (WDVAX) proved feasible and safe in this first-in-human 
phase I trial. Most adverse events were low-grade and transient. One 
patient with grade 3 pneumonitis in cohort 3 may have experienced 
this as a result of nonspecific immune activation associated with the 
highest dose vaccine combined with the late effects of prior immune 
checkpoint blockade. Such toxicity can occur from immune 

checkpoint blockade and may potentially be delayed in onset. 
Further vaccine development strategies in combination with im-
mune checkpoint blockade should take into consideration the 
possibility of such toxicity. 

Clinical activity is difficult to assess in a selected patient pop-
ulation, requiring the ability to undergo surgery and time to 
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Figure 4. 
Tumor-immune microenvironment before and after vaccination. A–D, Representative multiplex IF images from patients with paired pretreatment (top) and 
posttreatment (bottom) biopsies. Scale bar, 100 μm. A, SOX10 (magenta) and PD-L1 (green) in patient #10. B, CD4 (yellow) and SOX10 (magenta) in patient #15. 
C, CD8 (cyan) and SOX10 (magenta) in patient #15. D, CD68 (yellow), CD11c (orange), and SOX10 (magenta) in patient #15. In all images, nuclei are shown in blue 
with 4’,6-diamidino-2-phenylindole (DAPI). E–J, Quantification of cell densities (number of cells per mm2 from multiplex IF staining). A minimum of three 20�
regions of interest were quantified. Bar graphs represent the mean density across all regions of interest, and error bars represent SEM. E, SOX10+PD-L1+ 

coexpressing cells across all pretreatment samples. F, SOX10+PD-L1+ coexpressing cells in paired biopsies. G, CD4+ Th cell densities in paired biopsies. H, 
CD8+ cytotoxic T-cell densities in paired biopsies. I, CD68+ macrophage densities in paired biopsies. J, CD11c dendritic cell densities in paired biopsies. Pre-tx, 
pretreatment; Post-tx, posttreatment. 
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manufacture the vaccine. All patients had advanced melanoma with 
a small number classified as stage 4 no evidence of disease (n ¼ 6), 
following surgical procurement of the tumor. Although approxi-
mately 43% of patients had stable disease as BOR by Response 
Evaluation Criteria in Solid Tumors (RECIST) criteria, the median 
survival and TTP may have exceeded expectations in this patient 
population. The potential impact of subsequent therapies on overall 
survival is not known. Overall, with a relatively small and selected 
patient population, the whole-cell vaccination strategy should be 
worthy of continued study. 

The trial largely met the feasibility metrics established for the 
clinical trial. WDVAX was manufactured in the targeted quantities 
for 22 of the 23 enrolled patients. The scaffold dry weight was 
generally consistent between patients, except for the vaccine man-
ufactured for patient #5, which exhibited a mass approximately 
fourfold larger than expected. The physical properties of the vac-
cines in the first patient cohort exhibited significant variability. This 
led us to reweigh components used in manufacturing (GM-CSF 

microspheres and PLG) and to initiate physical property testing 
of the vaccines manufactured for the remainder of the vaccines. 
The masses, moduli, and toughness were generally consistent for 
all subsequent vaccines. The GM-CSF and CpG content varied 
around the desired quantities but generally became more con-
sistent with experience in manufacturing. There was significant 
variation in the lysate content of vaccines throughout the study 
because of the wide size variability of tumors harvested from 
each patient. 

Despite the limitation of small patient numbers and variability in 
tumor size, there were apparent greater changes in immune acti-
vation as depicted in implant site pathology and peripheral blood 
analyses in cohorts in which vaccines were administered closer to-
gether in time. For clinical development, the timing of vaccinations 
provides important insight into both the rate of immune induction 
and the magnitude of antitumor immunity developed per treatment 
schedule with implications for potential combinations for efficacy 
and safety in the future. 
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Phenotypic analysis of immune cells harvested from patients at pre, post 1, and post 2 time points. PBMC populations from all patients at pre–, post 1–, 
and post 2–time points were pooled and analyzed. A, Marker expression within clustered cell populations indicates the annotation of distinct immune 
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myeloid cells, (D) CD3+ T cells, and (E) CD56+ NK cells. F, Plot showing the changes in population frequencies for select clusters for post 1– and post 2–time 
points relative to the pre–time point. Data are mean ± SEM from n ¼ 20 patients. P values were determined by one-way ANOVA with repeated measures. 
DC - dendritic cell; ns, not significant. 
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Within the context of current cancer vaccine development, the 
source and type of antigens are key component parameters. In the 
current WDVAX study, whole-tumor cell lysate was utilized as an 
antigen. The advantage of such processing affords the opportunity 
to include multiple antigen classes, including neoantigens, cancer 
testis antigens, and melanosomal differentiation antigens. However, 
a limitation of our phase I study was that we could not interrogate 
the antigen in the tumor lysate or the tumor-specific T-cell re-
sponses that were primed. Further investigation is needed to better 
understand the relevant roles of these antigen types as well as 
whether there is a hierarchy in their induction of immune re-
sponses. The potential impact of an immune response to one class of 
antigen affecting that of another class will need rigorous investiga-
tion in patients in the future. In addition, combining this vaccina-
tion strategy with immune checkpoint blockade is needed to 
understand the combinatorial possibilities for priming the immune 
system with immune checkpoints. Both the relevant roles of antigen 
classes and the timing of the combination need to be explored 
clinically. 

The findings of this clinical trial were partially consistent with 
previous studies utilizing subcutaneous implantation of the GM- 
CSF/CpG/melanoma cell lysate–containing WDVAX scaffold in 
murine models (9). Preclinical studies showed that WDVAX was 
well tolerated, without significant inflammatory or autoimmune 
toxicity, and these findings are consistent with the safety profile 
noted in this clinical trial. The preclinical studies also demon-
strated local recruitment of a persistent DC infiltrate, robust levels 
of cytokines in the scaffolds consistent with the generation of 
Th1 responses, and the generation of antimelanoma CD8+ T-cell 
responses both locally and systemically. The injection site reactions 
observed in most patients in this trial are consistent with the preclinical 
studies, whereas vaccine site enrichment with both dendritic cells and 
T cells in the clinical trial was inconsistent among patients. In a limited 
number of paired tissue samples, we observed that CD4+ T cells in-
creased to variable degrees in all five patients, whereas CD8+ T-cell and 

myeloid cell infiltration were heterogeneous. There were too few cases 
to reach any definitive conclusions, but these data imply the vaccine was 
immunogenic in eliciting adaptive CD4+ T cells and some innate 
immune responses. Immunophenotypic analyses of patients’ 
PBMC populations, although not significant, showed heteroge-
neous responses following the WDVAX vaccine. As cytokines 
were not analyzed systemically in preclinical studies, it is unclear 
if the dynamics of cytokine levels observed in patients in the clinical trial 
are consistent with preclinical studies; the timing of sampling versus 
vaccination is also likely an important variable as the impact of vacci-
nation on soluble cytokines is likely greatest in the days after vaccina-
tion. The soluble factor analyses may indicate functional relevance as 
GM-CSF is known to stimulate VEGF-A (28), and CD40 is required for 
the function of GM-CS–based whole-cell vaccination strategies (GVAX; 
ref. 29). In addition, MCP3 is known to recruit myeloid cells (30), 
whereas cytotoxic NK cells are associated with reduced VEGF-A, in 
contrast to NK cells that synthesize VEGF-A and contribute to toler-
ance. WDVAX, as monotherapy in the preclinical studies, mediated 
regression of B16F10 tumors in approximately half of the animals, 
whereas in the clinical study, 43% of patients treated with WDVAX 
exhibited stable disease. This clinical outcome may result from the 
finding that T cells in patients treated with WDVAX exhibited check-
point markers that are inherently inhibitory and suggests amending 
future trials of WDVAX by using a second-generation vaccine in 
combination with checkpoint blockade. 

In summary, this trial demonstrates the feasibility of this new type of 
biomaterial-based therapeutic vaccine. Vaccine was successfully manu-
factured for all patients, and the safety profile was favorable. The im-
mune assessments, somewhat limited by sample availability, support 
immunogenicity of the vaccine although the expression of checkpoint 
markers in T cells in patients treated with WDVAX suggests combining 
future trials of WDVAX with checkpoint blockade. The median survival 
and TTP may have exceeded expectations in this patient population. 
Future modifications of WDVAX would preferably enable needle-based 
injection and allow for a further reduction in the time between tissue 
procurement and implantation. 
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