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DNA immunotherapy for recurrent
respiratory papillomatosis (RRP): phase 1/2
study assessing efficacy, safety, and
immunogenicity of INO-3107
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Recurrent respiratory papillomatosis (RRP) is a chronic airway disease caused
by Human Papillomavirus (HPV). INO-3107, DNA immunotherapy designed to
elicit T-cells against HPV-6 and HPV-11, was evaluated in a 52-week Phase 1/2
study for efficacy, safety, and immunogenicity (NCT04398433). Thirty-two
eligible adults with HPV-6 and/or HPV-11 RRP, requiring ≥2 surgical interven-
tions in the year preceding dosing were enrolled between October 2020 and
November 2021 and administered 4 INO-3107 doses by intramuscular injection
followed by electroporation. The primary endpoint was safety and tolerability,
as assessed by treatment-emergent adverse events (TEAEs). Secondary end-
points included surgical intervention frequency and change in RRP Severity
Score (modified) post-INO-3107 and assessment of immune responses. 81%
(26/32) of patients experienced surgery reduction following INO-3107 com-
pared with the year prior to treatment. Blood assessments revealed HPV-6 and
HPV-11 antigen-specific T-cell induction. RNA sequencing identified an
inflammatory response in papillomas, inclusive of cytolytic CD8 + T-cell sig-
natures. T-cell receptor sequencing revealed emergent T-cell clones in blood
and confirmed trafficking to papillomas. Treatment-related adverse events
(AEs) were reported in 13/32 (41%) patients, all low-grade. INO-3107 provides
clinical benefit to HPV-6 and/or HPV-11-associated RRP adults and is well-
tolerated. Importantly, treatment-induced peripheral T-cell responses traffic
to airway tissue and are associated with clinical response.

Human Papillomavirus (HPV)-associated diseases are an emerging
global epidemic1,2. The role of HPV-6 and HPV-11 in the etiology of
recurrent respiratory papillomatosis (RRP), the most common benign
tumor of the laryngeal epithelium, is well-established3,4. RRP lesions
can occur in the oropharynx, larynx, and elsewhere in the respiratory
tract5, significantly impacting voice production and even breathing in
severe cases. Rarely, papillomas can undergo malignant transforma-
tion in the pulmonary tract, most notably in the pulmonary
parenchyma6. RRP is a chronic, debilitating disease that is associated

with substantial patient burden. Repeated surgical removal of papil-
lomas for symptomatic management remains the mainstay of treat-
ment and can result in significantmorbidity considering the number of
surgical procedures required, impact on voice, effects of repetitive
anesthesia, as well as psychological impact, and financial burden7.
Additionally, the risk of laryngeal injury increases with each surgery8.

Current treatment of HPV-6- and HPV-11-related RRP could be
improvedwith the addition ofHPV-specific immunotherapy,whichhas
the therapeutic potential to control or eliminate papillomas by
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generating immunity against HPV itself. Patients suffering from RRP
have been characterized as exhibiting suppressive or regulatory
immune-related functions within papillomas, as opposed to mounting
a cytotoxic response against HPV infected cells9–13. Our previous stu-
dies of DNA immunotherapies directed against HPV have demon-
strated the induction of potent immune responses for HPV in a pilot
trial of adults with HPV-6-related RRP and in HPV-related head and
neck squamous cell carcinoma as well as cervical disease, inclusive of
the generation of HPV-specific cytotoxic T-cells as well as CD8+
immune cell infiltration into tumors14–18. Additionally, other groups
have conducted clinical studies of RRP treatment from an immuno-
logical approach via antibody and T-cell-related platforms, with results
that support an immune-based impact on disease state19,20. INO-3107 is
a DNA immunotherapy encoding for antigens from both HPV-6 and
HPV-11 as well as encoding for an interleukin-12 (IL-12) immune adju-
vant. Here, we report full study results from a DNA-based therapy in
development for RRP from a completed Phase 1/2 trial demonstrating
the safety, efficacy, and immune responses of INO-3107.

Results
Patient demographics
A total of 32 patients were enrolled between October 2020 and
November 2021, with follow-up completed through December 2022;
seven (7) patients had juvenile-onset (JO) RRP and 25 had adult-onset
(AO) RRP (Table 1). All patients completed all clinical trial visits up to
Week 52. Demographics of the trial population are presented in
Table 1. Sixteen (16, 50.0%) patients were infectedwithHPV-6 only, ten

(10, 31.3%) were infected with HPV-11 only, and two (2, 6.3%) were co-
infected with both HPV-6 and HPV-11. Four (4, 12.5%) patients’ geno-
types could not be distinguished between HPV-6 and HPV-11 per assay
standards at Screening but were known from prior diagnostic history
to beHPV-6 and/orHPV-11 positive,whichwas subsequently confirmed
through on-study assessment.

All patients in the trial had complete follow-ups for efficacy and
safety data.

INO-3107 reduces or eliminates surgical intervention in the
treatment of RRP
Of the 32 patients, 26 had a clinical response (81.3%), defined as a
reduction of at least one surgical procedure in the year followingDay0
(overall clinical response; OCR). Nine patients (28.1%) had a complete
response (CR), defined as no surgical interventions in the year fol-
lowing Day 0, and 14 additional patients (43.8%) had a partial response
(PR), defined as a reduction in the number of surgical interventions by
50–99% in the year followingDay0 (Fig. 1). Together this represents an
overall response rate (ORR) of 71.9%; 23 of 32 patients. Reduction in
surgical frequency was independent of HPV genotype as responses
were noted for patients exhibiting HPV-6 and/or HPV-11 per genotypic
assessment (ORR of 66.7% for HPV-6, ORR of 83.4% for HPV-11).

When comparing themediannumber of surgeries in the yearprior
to treatment with the year following Day 0, in the year prior, patients
had amedian of four surgeries (range 2–8), while in the year following
treatment, there was a median decrease of three surgeries with a 95%
confidence interval of 2 to 3, which indicates a statistically significant
decrease.

INO-3107 improves RRP severity scores in adults with RRP
Treatment with INO-3107 resulted in reductions in RRP Severity Score
(modified) from pretreatment through the treatment assessment
period, as assessed by laryngoscopy throughout the trial. Anatomical
disease severity was measured by a modified Derkay Score. Scores
were obtained prior to surgery at or near Day 0, and again at each visit
when laryngoscopy was performed. Between Day 365 and Day 0, there
was amean change in total site score of −10.7 (95%CI −16.3, −5.0) and a
mean change in total symptom score of −0.4 (95% CI −0.7, 0.0). The
mean change in total clinical score (total site and total symptom score)
was −11.0 (95% CI −16.7, −5.3).

INO-3107 is well tolerated in adults with RRP
Treatment with INO-3107 was well tolerated in this trial. Twenty
patients (62.5%) reported treatment-emergent adverse events (TEAEs),
most of which were treatment-related (35/58 events), and almost all of
which were Common Terminology Criteria for Adverse Events
(CTCAE) Grade 1 or 2 in severity (54/58 events (Table 2)). All related
TEAEs were Grade 1 or 2 in severity, and the most common related
TEAE was injection site pain (10 patients); all other related TEAEs were
seen in three patients or fewer (Table 2).

Grade 3 TEAEs were observed in four (4) patients (12.5%), all of
which were unrelated. Serious adverse events (SAE) were observed in
three (3) patients (9.4%), none of which were considered treatment-
related. No patient experienced aGrade 4 or 5 TEAE or TEAE leading to
treatment discontinuation or death.

INO-3107 induces HPV-6 and HPV-11-specific T-cell responses
and drives peripheral T-cell clonal expansion
T-cell responses induced by INO-3107 were first gauged via ex vivo
interferon gamma (IFNγ) ELISpot. T-cell reactivity against INO-3107
antigens was noted in 94% of patients (30/32) over the course of the
trial and reactivitywas confirmed individually forHPV-6 aswell asHPV-
11 (Fig. 2A and Supplementary Fig. 2).

Upon confirmation of antigen-specific T-cell responses in blood,
multiparametric flow cytometry was employed to further elucidate

Table 1 | Demographics and baseline characteristics (mITT
population)

Parameter Patients (N = 32)

Median age (range), years 47.3 (25-82)

Male, n (%) 24 (75.0)

Race, n (%)

Asian 1 (3.1)

Black or African American 4 (12.5)

White 26 (81.3)

Other 1 (3.1)

Ethnicity, n (%)

Hispanic or Latino 3 (9.4)

Not Hispanic or Latino 29 (90.6)

Type, n (%)

Juvenile Onset RRP (age at diagnosis
<12 years)

7 (21.9)

Adult Onset RRP (age at diagnosis ≥12 years) 25 (78.1)

Number of surgeries in prior year, n (%)

2 6 (18.8)

3 to 5 18 (56.3)

≥6 8 (25.0)

HPV genotype, n (%)

6 16 (50.0)

11 10 (31.3)

6 and 11 2 (6.3)

6 and/or 11a 4 (12.5)

Median (range) number of surgeries in the year
prior to dosing

4 (2–8)

mITT modified intention-to-treat, N or n number of patients; % percentile, RRP recurrent
respiratory papillomatosis, HPV human papillomavirus.
aOf the 32 patients, three (3) did not have papilloma tissue collected at Baseline and one (1) had
the HPV genotyping assay fail. HPV-6 and/or 11 was confirmed prior to the study based on
documentation provided by the clinical site for these four (4) patients, but the genotype was not
specified.
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Fig. 1 | INO-3107 reduces or eliminates surgical interventions (N = 32 patients).
AWaterfall plot indicating a change in the frequency of clinically indicated surgical
interventions during the year of study as compared with the year before. Change in
the number of interventions is indicated for each individual patient, and
responding patients are color-coded. Complete responders (CR) are labeled dark
blue, partial responders (PR) are labeled light blue, and patients who exhibited a
decrease in surgical intervention but contributed only to the calculation of overall
clinical response (OCR) are green. Non-responders are labeled gray (increase in
surgery) or with 0 (no change). B Top left panel: Airway pictures taken before
treatment with INO-3107 or after the completion of treatment. The top row is a

complete responder before treatment and atWeek 52, themiddle and bottom rows
are partial responders taken before treatment and Week 26. Top right panel: Bar
graphs indicating efficacy breakouts for patients infected with HPV-6, patients
infected with HPV-11, and all patients in the study. Complete (dark blue) and partial
response (light blue) are separated within the overall response rate (ORR) stack for
clarity. OCR (all patients exhibiting a decrease in surgical frequency of any mag-
nitude in green) is graphed separately to allow for comparison. Bottom panel:
Responses are also broken out in tabular fashion. HPV human papillomavirus; %
percent.
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T-cell reactivity to INO-3107 antigens. Following stimulation with HPV-
6 or HPV-11 peptides, assessment of markers indicating antigen-
specific activation (CD137, CD69, CD38, and Ki67), antigen experience
and immune regulation (PD-1, TIM-3, and LAG-3) and lytic capability
(GrzA – Granzyme A, GrzB – Granzyme B, Gnly - Granulysin, Prf - Per-
forin) was performed on CD8 + T-cells as previously reported14. Heat-
map visualization did not suggest broad trends between marker
expression and clinical response (Fig. 2B). However, a supervised
assessment of these data based on biological relevance and a previous
study of immunotherapy for HPV revealed that a CD8 +T-cell subset
consisting of cells expressing CD38, PD-1, and Prf was elevated in 83%
of patients (26/32)14,15,21,22 (Fig. 2B and Supplementary Figs. 3, 4). The
relevance of this phenotype was further supported through a uniform
manifold approximation and projection (UMAP) assessment, which
indicated the presence of a cluster that exhibited strong co-
localization of all three of these markers (Fig. 2B). Responders exhib-
ited shorter kinetics to the induction of response, higher overall
response magnitude and superior persistence of response when
compared to non-responders although the low proportion of non-
responders in the trial (six patients) prevented a strong statistical
comparison of these differences (Supplementary Fig. 5).

To further assess changes in the peripheral T-cell compartment,
sequencing of complementarity-determining region 3 (CDR3) of the
beta chain of the T-cell receptor (TCRβ) was performed. The Clone-
Track system is a unique mathematical and immunological analytical
platform that has been employed previously to identify the expan-
sion of high-magnitude T-cell clones in blood after the administra-
tion of immunotherapy through assessment of TCRβ sequencing
data23. In the current study, CloneTrack analysis identified T-cell
clones that were expanded significantly following INO-3107 treat-
ment and could be detected through the end of the study (Week 52)
(Fig. 2C). Interestingly, the persistence of expanded T-cell clones
differed between non-responders and responders, where the former

exhibited an expansion at study Week 6 followed by a steady decline
to Week 52, while the latter showed an expansion at study Week 6
that was sustained thereafter (Supplementary Fig. 6). Additional
assessment of clonotype tracking of T-cells using Immunarch24 con-
firmed persistently expanded CDR3 sequences within responders, as
identified via CloneTrack (Fig. 2D and Supplementary Fig. 7). Nota-
bly, 100% (27/27) of patients with sufficient testable samples exhib-
ited T-cell expansion relative to their matched pretreatment
assessment (range 2–119 significantly expanded unique clonal
populations) (Fig. 2D), indicating engagement of peripheral T-cell
clonal populations after treatment with INO-3107.

Aggregate assessment of ELISpot, flow cytometry and significant
T-cell clonal expansion data determined that 100% of patients (32/32)
exhibited peripheral immune response during the conduct of the
study (Fig. 2E). Taken together these results suggest that INO-3107
robustly engaged peripheral T-cells, inclusive of the induction of HPV-
6 and HPV-11-specific activity.

Treatment with INO-3107 results in a significantly enriched
antiviral immune status in responder airways
Once the induction of INO-3107-driven HPV-6 and HPV-11-specific
immune responses in peripheral blood was confirmed, the determi-
nation of immune status in airway tissues of patients obtained prior to
INO-3107dosing aswell as at the endof the studywas analyzed via RNA
sequencing (RNAseq) of airway tissue samples. Gene set enrichment
analysis (GSEA) was first employed in the assessment of hallmark sig-
natures for interferon-gamma response (IGR), interferon alpha
response (IAR), and inflammatory response (IR) as defined by
others25,26. The output of these analyses did not suggest significant
pretreatment differences in papillomas of responders when compared
to non-responders in any signature (Supplementary Fig. 8). However,
after treatment with INO-3107, significant enrichment was observed
for all three signatures exclusively in patients exhibiting clinical
responses (IGR p =0.000, q =0.000; IAR p = 0.000, q =0.001; IR
p =0.000, q = 0.014), (Fig. 3A). Core enrichment of these response
signatures was driven by the induction of pro-inflammatory cytokine
and chemokine genes (IL7, IL15, XCL1, CXCL10, CXCL11, others), and
upregulation of genes associated with the presence of innate and
adaptive immune cells (CSF1, CD14, CCL5, TBX21, others) (Fig. 3A and
Supplementary Fig. 9).

While GSEA allows for testing of sets of genes across different
variables, Ingenuity Pathway Analysis (IPA) allows for the synthesis of
RNAseq data such that more complex questions can be answered
regarding larger functional networks27. To that end, IPA was employed
for deeper analysis of differentially expressed genes (DEGs) identified
when comparing Screening (prior to treatment) to End of Study
(Fig. 3B), inclusive of assessment of interferon responses identified by
GSEA as well as querying specific immune cell functional networks. IPA
confirmed interferon-gamma (IFNγ) and interferon-alpha (IFNα)
activity as being significantly enriched in the airways of responding
patients at the end of the study as compared tomatched pretreatment
papilloma samples (IFNγː z = 4.521, p = 4.95e-20; IFNαː z = 2.932,
p = 1.12e−05, Fig. 3B and Supplementary Fig. 10). Further analyses of this
dataset identified a variety of significantly enriched immune cell-
associated functional networks, all of which were represented speci-
fically in patients exhibiting clinical responses. These networks inclu-
ded multiple functions of antigen presenting cells (APCs) inclusive of
chemotaxis (z = 2.715, p = 3.03e−06), binding (z = 2.479, p = 1.33e−11), and
response (z = 3.021 p = 5.85e−07) among others (Table 3, Fig. 4A, and
Supplementary Figs. 11–13). Encouragingly, a large number of T-cell
associated networks were also noted as significantly enriched includ-
ing T-cell homing (z = 2.358, p = 7.77e−06), T-cell activation (z = 2.238,
p = 1.29e−26) and cytotoxicity of T-cells (z = 2.596, p = 1.18e−06), which
collectively includedenrichedgenes such asCD3E, CD3G,CXCR3,CCR5,
LCK, SH2D2A, GZMA, and PRF1 amongst others (Table 3 and Fig. 4).

Table 2 | Overall safety summary: number (proportion) of
patients experiencing AEs (safety population, N = 32)

Parameter Patients, n (%)

Any TEAE 20 (62.5)

Any pretreatment AE 5 (15.6)

Any SAE 3 (9.4)

Any treatment-related SAE 0 (0)

Any TEAE leading to treatment
discontinuation

0 (0)

Any TEAE leading to death 0 (0)

Any TEAE by severity

Any Grade 1 15 (46.9)

Any Grade 2 9 (28.1)

Any Grade 3 4 (12.5)

Any treatment-related Grade 3 0 (0)

Any Grade ≥4 0 (0)

Treatment-related TEAEs by MedDRA
PT (≥5%)

13 (40.6)

Injection site pain 10 (31.3)

Fatigue 3 (9.4)

Injection site swelling 2 (6.3)

Headache 2 (6.3)

Injection site bruising 2 (6.3)

Nausea 2 (6.3)

N or n number of patients, % percentile, AE adverse event,MedDRA medical dictionary for
regulatory affairs, PT preferred term, SAE serious adverse event, SOC system organ class, TEAE
treatment-emergent adverse event.
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INO-3107 drives significant T-cell infiltration into papillomas
predominantly from emergent T-cell clones that traffic
from blood
Due to IPA suggesting a variety of active T-cell-related pathways in
patient airways, further exploration was undertaken to elucidate the

type and extent of T-cell infiltration. Single sample GSEA (ssGSEA) was
employed as a means of more specifically describing tissue-localized
CD8 + T-cell populations on a per-patient basis. Results of these
assessments identified the presence of various CD8 +T-cell infiltration
signatures, inclusive of those bearing transcriptional hallmarks of both
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central memory (Tcm) and effector memory (Tem) maturation
status28,29 (Fig. 5).When comparing pretreatment tissue to end of study
tissue, increases in total CD8 +T-cell, CD8+ Tcm, and CD8+ Tem
enrichment scores were observed, inclusive of a statistically significant
increase specifically for the total CD8 + T population (Fig. 5, p <0.001).
To further profile tissue-localized CD8 +T-cells, a transcriptional sig-
nature for cytotoxic CD8 +T-cells was employed30,31. Results revealed a
significant increase in the enrichment score for this cytotoxic popu-
lation after treatment with INO-3107 (Fig. 5, p <0.0005). When asses-
sed by clinical response, responders had significantly higher total
CD8 + T-cell, CD8+ Tem, and CD8 +T cytotoxic scores in end of study
tissue as compared to pretreatment, while non-responders did not
(Supplementary Fig. 14). Interestingly, while non-responders as a
group did not reach statistical significance in the enrichment of
CD8 + T-cell signatures, we did note increases in enrichment scores for
four out of five of these patients (Supplementary Fig. 15). This result
would suggest that increased CD8 + T-cell activity was occurring in the
papilloma of some non-responding patients albeit to a lesser extent
than responders. Taken together the results described here suggest
that treatment with INO-3107 induced CD8+ enrichment in patient
airways inclusive of signatures for cytotoxic status.

As an orthogonal method of confirming increased T-cell infiltra-
tion as suggested by IPA and ssGSEA, direct TCRβ sequencing of
patient tissues was employed as a means of assessing tissue-localized
T-cells through enumeration of TCRβ clone counts. To determine if
T-cell infiltration prior to receiving INO-3107 was associated with
clinical efficacy, TCRβ clone counts from papillomas resected prior to
treatment were assessed against the percent change in surgical fre-
quency during the study. No association was noted (Fig. 6A), and
assessment of median TCRβ clone counts between non-responders
(1130 TCRβ clones) and responders (1076 TCRβ clones) at this time-
pointwere similar (Supplementary Fig. 16).When the same assessment
was performed on tissue obtained at the end of the study, a trend was
notedbetweenhigher clone counts and the likelihoodof a reduction in
the surgical intervention (Fig. 6A), which was also evidenced by higher
median clone counts in responders (4195 TCRβ clones) than non-
responders (1218 TCRβ clones) at this timepoint (Supplementary
Fig. 16). Further analysis focusingon the change in thenumber of TCRβ
clone counts in the end of study tissue relative to pretreatment tissue
revealed a clear and significant increase after INO-3107 treatment
(Fig. 6B, p <0.02). This pattern was found to be persistent when
assessed in the context of clinical response status (Fig. 6B, p =0.001).
Further analysis revealed that the degree of change in T-cell infiltration
in airway tissues after treatmentwith INO-3107 associates stronglywith
the change in surgery frequency on trial (Fig. 6C, p = 0.019 and Sup-
plementary Fig. 17, p =0.015).

Analysis of CDR3 regions of TCRs present in airway tissue taken
at the end of the study in clinical responders suggested a lowdegree of
overlap with those sequences noted in papillomas resected prior to
INO-3107 administration (Fig. 7A). To determine where TCRβ
sequences discrepant between these two timepoints originated, per-
ipheral blood of patients was assessed for the presence of these
newly detected sequences. Results of this assessment revealed that
such sequences were present in the blood prior to the end of the
study, suggesting the trafficking of T-cell clones from circulation
into papilloma tissue. Most encouragingly, the majority of these T-cell
clones were found to be emergent clones that were not detectable
in blood or papilloma tissue prior to administration of INO-3107
but became detectable only after initiation of therapy (Fig. 7B).
Assessment of the degree of increase in emergent clones suggested
a statistically significant expansion relative to prior to the initiation
of INO-3107 treatment (Fig. 7B, p =0.005). Comparing emergent
clones in peripheral blood to infiltrating T-cell clonal populations
in airway tissue taken at the end of the study revealed that themajority
of infiltrating tissue-localized TCRβ sequences were specifically
emergent T-cell clonal populations (Fig. 7C). These TCRβ results con-
firm the increased T-cell presence indicated by IPA and ssGSEA in
the airways of treated patients. Furthermore, these results elucidate
that clinical response is associated with the degree of increase in
TCRβ clone counts in patient airways and that the majority of these
T-cell clones are emergent T-cells that are detectable in blood
only after administration of INO-3107, followed by trafficking to
papillomas.

Discussion
Here, we report results for a DNA immunotherapy for RRP from a
completed Phase 1/2 trial demonstrating the safety, efficacy, and
immune responses of INO-3107. When compared to the year prior to
treatment with INO-3107, 26 RRP patients (81.3%) treated with INO-
3107 exhibited reductions in clinically indicated surgical interventions
in the year following treatment. Clinical responsewas seen across both
HPV-6 and/or HPV-11 infections, suggesting that INO-3107 efficiently
addresses both viral genotypes.Despite the small trial populationof 32
patients, enrolled patients were inclusive of a broad age group ranging
from 25 to 82, with HPV-6 and HPV-11, and both juvenile or adult
symptom onset, representing the general adult RRP population and
supporting the generalizability of the results.

The importance of reducing the surgical burden of this disease
cannot be overstated. In this study, 81% of patients saw a reduction in
number of surgeries, when comparing surgical treatments in the year
prior to treatment with the year following Day 0, and there was a
median decrease in the number of surgeries by three. A recent report

Fig. 2 | INO-3107 inducesperipheralT-cell responses inall patients.A Interferon-
gamma ELISpot T-cell response displayed as peak log2 fold change above pre-
treatment responses against the HPV-6 (open black circles) and HPV-11 (open black
squares) components for N = 32 patients, each represented by a symbol. Box and
whiskers extend from 25th–75th percentile and minima to maxima, respectively;
line at median, + at mean. B Top left panel: Representative staining of markers
assessed for lytic granule loading (LGL) in HPV-specific multiparametric flow
cytometry of CD8+ T-cells. Percentile of indicated cell populations are noted in
each quadrant. Top right panel: peak frequency (%) of HPV-specific cytotoxic
CD8+ T-cells (CTLs) above pretreatment responses as determined by flow cyto-
metry and observed for N = 32 study patients, each represented by an open black
diamond. Values at zero represent true zero values as well as negative values nor-
malized to zero based on Y axis description. Box and whiskers extend from
25th–75th percentile and minima to maxima, respectively; line at median, + at
mean. Bottom left panel: Peripheral T-cell profiling employing uniform manifold
approximation and projection (UMAP) on all CD8 + T-cells and with activation,
antigen experience, and effector marker identification, as determined by flow
cytometry at Week 26 for n = 29 patients; no Week 26 data available for three

patients. Bottom right panel: Heatmap of HPV-specific peak changes (Δ) in fre-
quencies (%) of indicated parameters of CD8 + T-cells grouped by clinical response,
as determined by flow cytometry. Infecting strain(s) of HPV noted in papilloma
tissue are also indicated for n = 31 patients; one outlier is absent for improved
visualization. C Left panel: Longitudinal frequency (%) of significantly expanded
T-cell clonal populations as defined by CloneTrack for n = 27 patients, each repre-
sented by an open black diamond at any timepoint. Data were normalized to
Screening (pretreatment) to specifically visualize on-study clonal expansion. Line
denotes point-to-point geometric mean. Right panel: Absolute number of unique
significantly expanded clonal populations observed during the study on a per-
patient basis for n = 27 patients, each represented by an open black diamond.
D Tracking of CDR3 clonotypes longitudinally across the study via Immunarch.
Representative patient shown. E Break out of peripheral T-cell response fre-
quencies by assay and in aggregate. log logarithm,HPV humanpapillomavirus, IFN-
γ interferon-gamma, SFU spot forming units, Grz granzyme, Prf perforin, Gnly
granulysin, TCRβ T-cell receptor beta chain, PBMC peripheral blood mononuclear
cells, N number of patients, % percentile.
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Fig. 3 | INO-3107 significantly enriches antiviral immune status in airways of
responders (n = 12). A Gene set enrichment analysis (GSEA) results for hallmark
interferon gamma, interferon alpha, and inflammatory signatures comparing pre-
treatment papilloma tissuewith endof study tissue, inclusive of p value and q value,
as determined by one-sided false discovery rate (FDR) correction for multiple
comparisons, shown in the inset table. Core enriched genes are displayed with an
intensity of color-coding tracking to rank metric scores of those genes. Non-core
enriched genes are found in the supplement. B Heatmap of 280 differentially

expressed genes (DEGs) in responders using oneminus Spearman rank correlation
with average linkage for hierarchical clustering and samples grouped by study visit;
this gene set was analyzed using ingenuity pathway analysis (IPA), which confirmed
the activation of interferon-gamma and interferon alpha signaling pathways in
responder tissue at end of study versus screening via p value and z-score, as
determined using one-sided Fisher’s exact test and reported in the inset table. HPV
human papillomavirus, TMM trimmed mean of M-values, CPM counts per million.
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froma long-termstudyofRRPpatients undergoing recurrent surgeries
reported an increased incidence of permanent damage to vocal cords
and airway as a direct function of surgical intervention and specifically
highlighted the need for non-surgical interventions in RRP patients8.
Additionally, while non-surgical interventions such as monoclonal
antibodies to various targets have been attempted in the treatment of
RRP, they have shown variable impact with respect to control of dis-
ease once therapy is removed, and continued therapy has known

associated toxicities32–35. INO-3107 treatment was well-tolerated and
allowed for partial or complete control of disease in the context of
reducing surgical interventions during the monitoring period of the
trial, with a four-dose regimen spanning only 9 weeks.

Limitations of this study should be acknowledged. This study was
single-arm and not placebo-controlled. The decision to proceed with
the surgical intervention was the same during the 52-week pre- and
post-treatment periods and was left to the individual investigators and
patients, introducing some variability into the study from site to site.
Additionally, as the study was conducted in 32 patients, study size
should be considered. The current study focused on RRP disease in
adults only; future investigations could include studies of INO-3107 in
the pediatric population. For correlative analyses, end of study tissue
wasnot available fromall complete responders and the contributionof
the induction of CD4 +T-cell responses, while previously described
after treatment with INO-310736, are not expanded on here as the
current report is focused on CD8 +T-cell-based contribution to the
proposed mechanism of action.

The induction of anti-HPV-6 and HPV-11 immune responses has
been identified in patients who have shown varying degrees of
response to adjuvant antibody therapy inclusive of PD-1/PDL-1, TGFβ,
and VEGFA10,37–39, identifying a likely connection between the immune
systemandcontrol of thedisease. This concept is further supportedby
work from other groups using T-cell inducing immunotherapy for the
treatment of RRP, which have shown promising clinical results,
although the application of viral vectors for the induction of anti-HPV
immune responses may have been limited by anti-vector immune
responses and a difficult to treat papillomamicroenvironment19. Here,
we report not only the induction of HPV-6 and HPV-11 targeted
immune responses, but also track newly identified T-cell clonal
populations from the blood into patient airways after INO-3107 treat-
ment. Post-treatment biopsies showed an increased inflammatory
state, consisting of interferon signaling pathways and innate immune
cells as well as CD8 + T-cell signatures, inclusive of cytotoxic immune
responses. As the lack of such response is believed to be involved in
maintaining papilloma disease state9–13, it was expected and confirmed
that the induction of these responses by INO-3107 were identified as
being associated with clinical benefit in our study. Themaintenance of
this immune response should, therefore, be expected to be associated
with a prolonged impact on the disease state, although this remains to
be confirmed. Of interest, patients who did not show a decrease in
surgical intervention frequency while on this trial still showed immu-
nological changes in their papilloma tissue with respect to these
parameters, albeit less than patients who responded clinically. As the
DNA platform allows multiple administrations without the risk of
generating anti-vector immunity, and as it has been previously shown
that adding “booster” doses outside the primary series of DNA thera-
pies can augment immune responses40, the possibility remains open
for re-administration of INO-3107 to augment the immune response to
further improve clinical response. Such an undertaking would also
allow for continued research into immune responsiveness in RRP
patients over time, which may have broader implications for under-
standing the mechanisms underpinning changes in disease state.

The results presented here make a strong rational case for use of
INO-3107 as a non-surgical approach to RRP treatment from both a
clinical and mechanistic standpoint. To that end, future clinical trials
are being planned to further address prolonged efficacy, immune
response, and redosing to expand the potential impact of this
approach for the benefit of RRP patients.

Methods
Study design and patients
The study was conducted in accordance with the Declaration of Hel-
sinki, Good Clinical Practice guidelines, and local and national reg-
ulatory requirements. The protocol was reviewed and approved by the

Table 3 | INO-3107 significantly activates multiple innate and
adaptive functional networks in responder airways

Functional network p value Activation z-score

T cell homeostasis 5.58e-23 3.377

T cell development 6.78e-22 3.480

T cell migration 1.38e-12 2.462

Quantity of T lymphocytes 6.27e-21 2.685

Differentiation of T lymphocytes 7.55e-17 3.076

Interaction of T lymphocytes 3.89e-13 2.806

Binding of T lymphocytes 5.73e-11 2.496

Adhesion of T lymphocytes 4.79e-07 2.614

Migration of antigen present-
ing cells

6.50e-15 2.436

Cell movement of antigen pre-
senting cells

3.52e-13 2.445

Interaction of antigen present-
ing cells

3.37e-12 2.673

Binding of antigen present-
ing cells

1.33e-11 2.479

Recruitment of antigen present-
ing cells

1.00e-10 2.309

Quantity of antigen present-
ing cells

1.37e-10 2.284

Response of antigen present-
ing cells

5.85e-07 3.021

Immune response of antigen
presenting cells

9.26e-07 2.510

Trafficking of antigen present-
ing cells

1.33e-06 2.176

Chemotaxis of antigen present-
ing cells

3.03e-06 2.715

Engulfment of antigen present-
ing cells

1.00e-05 3.173

Cell movement of dendritic cells 7.63e-09 2.207

Migration of dendritic cells 9.14e-09 2.087

Response of dendritic cells 7.74e-05 2.000

Recruitment of macrophages 1.12e-09 2.013

Phagocytosis by macrophages 6.53e-06 2.772

Chemotaxis of macrophages 1.23e-05 2.207

Adhesion of immune cells 2.39e-20 3.342

Lymphocyte homeostasis 7.78e-23 3.494

Lymphopoiesis 1.20e-19 3.450

Lymphocyte migration 2.04e-19 2.896

Activation of lymphocytes 6.95e-28 2.716

Quantity of lymphocytes 4.94e-25 2.113

Cytotoxicity of lymphocytes 2.89e-21 2.267

Cell movement of lymphocytes 4.82e-18 2.643

Interaction of lymphocytes 2.79e-13 2.998

Binding of lymphocytes 2.78e-11 2.710

Various outputs of Ingenuity Pathway Analysis depicting innate and adaptive immune functional
networks, with associated p values and z-scores determined using one-sided Fisher’s exact test,
seen in airways of Responders (n = 12) after INO-3107 treatment.
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relevant Institutional Review Board/Ethics Committee at each partici-
pating site (NYU Langone; University of Texas Southwestern;
Washington University School of Medicine; University of California,
Davis; Johns Hopkins University School of Medicine; Mayo Clinic Ari-
zona; Emory University; University of Cincinnati Medical Center). All
patients provided written informed consent.

RRP-001 (ClinicalTrials.gov identifier: NCT04398433) was a Phase
1/2, single-arm, open-label study conducted across eight centers in the
United States, for which an interim efficacy assessment for standard
needle injection was reported36. As the addition of an experimental
side port needle was not noted to achieve differences in efficacy or
immune response, the trial is reported here in its entirety as a single
treatment paradigm. This was a single dose-level trial using a six-

patient safety run-inwith a 1-weekwaiting periodbetween each patient
(see Supplementary Fig. 1).

Eligible patients were men and women aged ≥18 years with his-
tologically documented HPV-6 and/or HPV-11 positive disease, his-
torically and/or at baseline as assessed by SPF10 LiPA25 HPV DNA
genotyping followed by HPV-6 andHPV-11 specific qPCR conducted by
DDL Diagnostic Laboratory (Rijswijk, Netherlands) and were enrolled
across eight sites to reduce potential selection bias. Patients could
have presented as either Juvenile-onset (JO; diagnosed before age 12
years) or Adult-onset (AO; diagnosed at or after 12 years of age) RRP,
who exhibited moderate to severe disease based on a history of
required frequent RRP interventions to remove papilloma, defined as
≥2 RRP surgical interventions (in the operating room or office-based)

Fig. 4 | INO-3107 treatment results in the activation of various immune path-
ways inclusive of strong upregulation of T-cell specific network activity in
airways of responders (n = 12). A Bubble plot of various IPA outputs relevant to
inflammation aswell as adaptive and innate immune responses that are enriched in
airway tissue after INO-3107 treatment. p value and z-score (orange = activated;
blue = inhibited) determinedbyone-sided Fisher’s exact test.BNetwork diagramof

IPA data from tissue-localized T-cell activity, inclusive of p value and z-score as
determined using one-sided Fisher’s exact test and reported in the inset table.
Networks are defined by central nodes with bold names, differentially expressed
genes (DEGs) that are upregulated (red) or downregulated (green), labeled with
gene names, and connected to nodes they contribute to with dashed lines. Log
logarithm, MHC major histocompatibility complex, Th helper T-cell.
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in the year prior to treatment. Patients must have been judged by the
investigator to be appropriate candidates for an upcoming surgical
intervention. Key exclusion criteria included the use of off-label adju-
vant therapy for RRP disease (e.g., antiviral medications, chemother-
apy, anti-angiogenic therapy [including bevacizumab], and
prophylactic HPV vaccination) within 3 months of study start; immu-
nosuppression; high risk of bleeding; and any illness or condition that
may affect patient safety or evaluation of study endpoints (full inclu-
sion and exclusion criteria are listed in Supplementary Information

and full protocol is available on clinicaltrials.gov and appended at the
end of the Supplementary Information). All patients were required to
undergo a clinically necessary surgical intervention, which included
predominantly laser-based techniques or microdebridement, within
14 days of the first dose (Day 0) to maximize standardization of
baseline disease burden across patients. All patients underwent an
assessment of the RRP Severity Score (modified) immediately prior to
baseline surgery (see below). No compensation was provided for
patient participation.

Screening
0.00

0.25

0.50

0.75

1.00

C
D

8+
 T

-c
el

l 
En

ric
hm

en
t 

Sc
or

e

p   

End of Study Screening End of Study
0.00

0.25

0.50

0.75

1.00

C
D

8+
 E

ffe
ct

or
 M

em
or

y 
T-

ce
ll 

En
ric

hm
en

t 
Sc

or
e

Screening End of Study
0.00

0.25

0.50

0.75

1.00

C
D

8+
 C

en
tr

al
 M

em
or

y 
T-

ce
ll 

En
ric

hm
en

t 
Sc

or
e

Screening End of Study
0.00

0.25

0.50

0.75

1.00

C
D

8+
 C

yt
ot

ox
ic

 T
-

ce
ll  

En
ric

hm
en

t  
Sc

or
e

p  

Fig. 5 | INO-3107 drives enrichment ofCD8+T-cell populations in airway tissue.
Single sample GSEA comparison of Screening (pretreatment) to end of study for
total CD8+ (top left), CD8+ effector memory (top right), CD8+ central memory
(bottom left) and CD8+ cytotoxic (bottom right) T-cell signatures. Selected core
enriched genes for these assessments are identified in the inset table: CD3D/E/G
and CD8A are T-cell identification markers. CD27 encodes a receptor required for
activation of CD8 + T-cells. EOMES andTBX21 are transcription factors expressed in

activated CD8 +T-cells. CTSW, GZMA, GZMK, FASLG, and PRF1 encode lytic pro-
teins that induce T-cell killing of target cells. Both CX3CR1 and CXCR6 chemokines
promote the survival, maintenance, and migration of CD8+ T-cells. Box and whis-
kers extend from 25th–75th percentile and minima to maxima, respectively; line at
median, + atmean.p values are froma two-sidedWilcoxon signed-rank test ofn = 17
patients, each represented by an open black diamond at both timepoints.

Article https://doi.org/10.1038/s41467-025-56729-6

Nature Communications |         (2025) 16:1518 10

www.nature.com/naturecommunications


Treatment
Patients received one 6.25mg dose of INO-3107 (a DNA plasmid-based
immunotherapy composed of a plasmid encoding for HPV-6 and HPV-
11 E6 and E7 antigens as well as a plasmid encoding for interleukin-12)

on Day 0 and Weeks 3, 6, and 9. INO-3107 was administered intra-
muscularly (IM) in the deltoid (or anterolateral quadriceps muscle, if
the deltoid muscle was not possible or appropriate) in a 1mL volume,
followed immediately by electroporation (EP) using the CELLECTRA

Fig. 6 | INO-3107 drives significant T-cell infiltration into papillomas.
A Regression analysis for TCRβ sequencing of tissue-localized T-cells in papilloma
tissue from screening (pretreatment, left panel) and end of study (right panel)
assessed against percent (%) change in surgical frequency during the study year
(post-) relative to the year prior (pre-) to study start. Data were displayed as total
TCRβ clone counts as determinedby summed total reads from n = 17 patients, each
represented by an open black diamond. p values and r values are determined by
two-sided Spearman correlation analysis. B Left panel: Direct comparison of total
TCRβ clone reads in papilloma tissue from Screening (pretreatment) and end of
study from n = 17 patients, each represented by an open black diamond. Right
panel: TCRβ clone reads in papilloma tissue fromScreening (pretreatment) and end

of study additionally broken out by clinical outcome where n = 5 non-responders
(open red circles) and n = 12 Responders (open green squares). Box and whiskers
extend from 25th–75th percentile and minima to maxima, respectively; line at
median, + at mean. p values are determined by a two-sided Wilcoxon signed-rank
test. Only significant p values are displayed. C Regression analysis of change (Δ) in
TCRβ clone reads above Screening (pretreatment) to endof studyagainst change in
surgical frequency (%) on the study (post-) as compared to the year prior (pre-) to
study start.p value and r value are determinedby a two-sided Spearmancorrelation
analysis of n = 17 patients, each represented by anopen black diamond. TCRβT-cell
receptor beta chain, Tx treatment.
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proprietary device designed to enable local transfection of DNA plas-
mids into the cells (Inovio Pharmaceuticals; Plymouth Meeting, PA).

Endpoints and assessments
The primary endpoint was safety and tolerability, assessed by reported
TEAEs and serious adverse events (SAE). TEAEs were defined as those
occurring within 30 days of receipt of the last dose of INO-3107. Safety
was assessed by monitoring adverse events (AEs) from the time of
signing informedconsent throughWeek 52or last visit, including SAEs,
unanticipated (serious) adverse device effects (UADE), and dose-
limiting toxicities (DLTs; see Supplementary Information). Adverse

events were graded according to the National Cancer Institute CTCAE
Version 5.041. Clinically significant changes in laboratory parameters
and vital signs from baseline assessments were also assessed. There
were no missing or incomplete safety data.

Secondary endpoints included: (1) efficacy as assessed by number
of RRP surgical interventions in the year following Day 0 compared
with the prior year (surgeries on Day 0 were considered to have been
performedduring the prior year); (2) efficacy as assessedby changes in
staging assessments measured by the RRP Severity Score (modified)
over time; and (3) antigen-specific cellular immune responses assessed
by T-cell phenotype and lytic potential in peripheral blood

Fig. 7 | T-Cell infiltration into papillomas after INO-3107 treatment is pre-
dominantly composed of emergent T-cells trafficking from the blood. A Venn
diagram displaying limited overlap (25 shared clones) between TCRβ clones iden-
tified in end of study papilloma tissue as compared to Screening (pretreatment)
tissue for n = 13 patients. B Left panel: Emergent T-cell clones are identified and
tracked longitudinally for n = 14 on study patients, each represented by lines con-
necting open diamonds color-coded by the left panel. No clone was detectable at
Screening (pretreatment). Right panel: Assessment of emergent T-cell clone peak

frequencies show statistical significance via two-sided Wilcoxon signed-rank test
for n = 14 patients, each represented by a green line connecting an open black
diamond at each timepoint. C Left panel: peak emergent T-cell clones in blood
identified on a per-patient basis for n = 14 patients each represented by a color-
coded bar and black diamond. Right panel: Venn diagram of considerable overlap
between unique TCRβ clones in end of study airway tissue with emergent clones
identified in the blood of n = 13 patients. TCRβ T-cell receptor beta chain, PBMC
peripheral blood mononuclear cells.
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mononuclear cells (PBMCs) by flow cytometry. There were no missing
or incomplete efficacy data. Data was collected according to GCP/ICH
standards at each of the enrolling investigational sites by qualified
personnel representative of the Sponsor.

Clinical assessment
Clinical response to treatment with INO-3107 was defined as a reduc-
tion in clinically indicated surgical interventions during the study
period (52 weeks) as compared to the number of interventions
recorded in the year prior to the first dose of INO-3107. Clinical
response designation was sub-categorized as complete response19 (no
surgeries in the year following the first dose of INO-3107), partial
response19 (reduction of 50–99% in the frequency of surgeries in the
year following the first dose, when compared with the year prior),
overall response rate19 (complete response plus partial response), and
overall clinical response (reduction of at least one surgery in the year
following first dose when compared with the year prior). The decision
to perform surgery among individual patients was made by their
treating laryngologist, in order to maintain consistency in the time
period prior to and following administration of INO-3107. The clinical
trial protocol mandated that prior to surgery, both anatomical and
symptom severity (modified Derkay) scores be obtained, and that the
rationale for surgery be clearly documented in the case report forms.

RRP severity score (modified)
To standardize and increase precision in the grading of papillomas
identified during each flexible laryngoscopy, the RRP staging system
initially published by ref. 42, was revised by Pransky (S.M.P.) to provide
a more detailed anatomical map of sites to be scored. Guidelines were
issued to all investigators to assess lesions as surface (<3mm), raised
(4–8mm), or bulky (>8mm). Photo documentation of each laryngo-
scopy was required. The assessment form subdivided the true vocal
cords (using both the free edge and superior surface as separate
locations), ventricles, and false vocal cords into three subsections from
anterior to posterior. The epiglottis and posterior glottis were divided
into left and right. The aryepiglottic folds were clearly delineated,
along with the left and right arytenoids. In addition, a definition and
grading score were created for an extensive carpet of papilloma. If
operative endoscopy was performed, the same laryngeal assessment
formwasutilized, alongwith assessment of the subglottis (divided into
left and right, and anterior, lateral, and posterior segments) and the
trachea (divided into superior, middle, and distal segments). The sta-
ging assessment was further expanded to include a symptom score
that identified the presence of voice changes, stridor, respiratory dif-
ficulty, and symptoms such as cough, throat clearing, globus, or pain.
Laryngoscopies were photographed, and the severity scores were
retrospectively verified by independent otolaryngologists with exten-
sive experience in RRP not participating in the study. Patients under-
went office laryngoscopy and staging at Screening and Weeks 6, 11,
26, and 52.

Statistical analysis
No formal power analysis was applicable to the study; descriptive
statistics were used to summarize data. The trial planned to treat
approximately 30patients,whichwould enable the trial to provide95%
confidence that the true incidence of SAEs was <12% if no SAEs were
observed. For the primary endpoint, the main summary of safety data
was based on TEAEs, with a frequency of preferred term events com-
puted. The safety population comprised all patients who received at
least 1 dose of INO-3107.

For secondary efficacy endpoints, the number of RRP surgical
interventions in the year following thefirst doseof INO-3107 compared
with the number in the year prior on a per-patient basis was sum-
marized descriptively using median change and associated 95% con-
fidence interval (CI). Mean changes and associated 95% CIs were

computed forRRP severity scores frombaseline pre-dose to each post-
dose evaluation. The modified intention-to-treat population, com-
prising all patients who received at least one dose of INO-3107, was
used for the secondary efficacy analyses. Due to the sample size
(N = 32), separate analyses based on sex, race, or ethnicity were not
planned.

Correlative analysis
Immunological and correlative statistical analysiswaspost hoc in nature.
As sample was limited, data represent single assay runs from distinct
samples obtained from each individual patient at specific timepoints
during the conduct of the study. For peripheral blood analysis, data
representN=32patients for immunologyassays andn= 27patientswith
both pre- and post-treatment samples remaining for TCR sequencing,
unless otherwise stated in the figure legend due to sample availability.
For paired tissue analysis, 17 patients had sufficient samples for use:n = 5
non-responders and n= 12 responders per the overall clinical response
definition. Graphing and statistical analyses were performed using
GraphPad Prism (v9) software, unless stated otherwise.

Peripheral blood mononuclear cells (PBMCs) and serum were
cryopreserved for immune analysis in batches. T-cell responses to
HPV-6 andHPV-11 were determined by interferon-γ (IFN-γ) ELISpot and
flow cytometry14. Briefly, 1 × 106 PBMCs were stimulated in vitro with
pools of 15-mer peptides overlapping by 11 amino acids spanning HPV-
6 or HPV-11 E6/E7 antigens. For ELISpot, PBMCs were stimulated with
peptides for 18–24 h followed by quantification of IFN-γ spot forming
units (SFU) per 106 PBMCs using ImmunoSpot® S6 counter and Pro-
fessional (v7.037.0) software. For multiparametric flow cytometry,
PBMCs were stimulated with peptides for five days without exogenous
co-stimulation or cytokines, stained for CD3, CD4, CD8, CD137, CD69,
CD38, Ki67, TIM-3, LAG-3, PD-1, Granzyme A, Granzyme B, Granulysin
and Perforin, then acquired using BD LSRFortessa™ and FACSDiva™
(v9.0) software, and analyzed with FlowJo™ (v10.5.3). T-cell clonotype
tracking was assessed using the bioinformatic tool Immunarch
(v0.9.0) in R and CloneTrack assessment for statistically significant
elevations in peripheral T-cell clones was performed23,24,43. Briefly, T
cell clones were identified and tracked via their CDR3 nucleotide
sequence. The total number of effective cells sequenced, N, was esti-
mated as the summation of all productive TCRβ reads for a given
sample, productive reads being defined as sequences in frame and
without stop codons. An individual T cell clone count, nx, was esti-
mated as the number of reads of the corresponding CDR3 nucleotide
sequence with the frequency of that clone defined as f x =

nx
N . We

required that a specific clone demonstrate at least a twofold increase
compared to pretreatment visits (M) to warrant further investigation.
Clones demonstrating a fold change <2ðmx

M <2 × nx
N Þ were assigned

default p values = 1, otherwise p values were calculated using an
adapted Fisher’s exact test with the repertoire size of the initial sample
rescaled by half. Furthermore, p valueswere adjusted using Bonferroni
correction:Padjusted = P × N∪Mj j, where N∪Mj j is the number of
unique clones in the union of the two samples being tested. A TCRβ
clone was considered expanded were Padjusted<0.05.

Logistical considerations prevented the possibility of isolating
fresh tissue for viable tumor-infiltrating lymphocyte (TIL) isolation.
In place of fresh TIL isolation, tissue obtained as papilloma resection
at Screening (prior to INO-3107 treatment) as well as tissue obtained
from resection or biopsy at the end of study was formalin-fixed and
paraffin-embedded (FFPE) for use in RNA sequencing (RNAseq) and
TCR sequencing (TCRseq) at Personalis, Inc. (Menlo Park, CA, USA).
Dual isolation of nucleic acids was performed utilizing the AllPrep
DNA/RNA FFPE Tissue kit (Qiagen). RNA input for sequencing was
standardized across samples. Exome capture was performed using
SureSelect Clinical Research Exome v2 (SSCRv2) (Agilent), according
to the manufacturer’s recommendations. Additional supplementa-
tion with Personalis ACE proprietary target probes was performed to
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enhance coverage. Briefly, manufacturer protocols were modified to
adjust the average library insert length to ~250 bp and the use of the
Stranded RNA Sequencing kit (Kapa Biosystems) for RNA sequencing
(RNAseq). Sequencing was performed on NovaSeq™ 6000 (Illumina,
San Diego, CA, USA). Reads that mapped to the transcript of each
gene were counted tomeasure expression levels for genes from each
tumor sample. Raw strand-specific counts per gene were generated
by the STAR aligner. Counts per million mapped reads (CPM) were
calculated and globally normalized across samples using the trim-
med mean of M values (TMM) using the Bioconductor package
edgeR44–47. RNA-based T-cell receptor (TCR) clonotype nucleotide
sequences were derived from both FFPE tissue and a minimum of
1 × 106 viable PBMCs using a universal software platform to analyze
and process raw TCR repertoire sequencing data. Default settings
and downstream filters were applied at reporting levels to remove
false positives. Only productive TCR sequences are analyzed and
reported here.

Immunological enrichment in tissue was assessed through gene
set enrichment analysis (GSEA) and ingenuity pathway analysis (IPA)
(QIAGEN Inc., https://digitalinsights.qiagen.com/IPA)25,26. Gene set
enrichment analysis (GSEA)25–27 was used to describe enriched path-
ways and gene sets based on clinical outcomes following treatment.
Differentially expressed genes (DEGs) were determined based on set
quantitative thresholds between paired timepoints within the
responder (those exhibiting an Overall Clinical Response) group:
p < 0.05; Median TMM-adjusted CPM >1.5-fold change; median TMM-
adjusted CPM >0.5 at either timepoint. Enrichment of DEGs was
evaluated in IPA with respect to the user dataset of 22,955 genes
detectable in our analysis27. For GSEA, the significance of enrichment
was determined according to a one-sided, false discovery rate (FDR)
and/or p value, while for IPA, significance was determined using a
one-sided Fisher’s exact test per the software’s internal assessment.
Single sample GSEA (ssGSEA) was performed in R using GSVA
(v1.50.5)43,48. The sequencing data for this study has been deposited
into the gene expression omnibus database under accession code
GSE275788. Statistical analysis on comparative TCRβ frequencies and
ssGSEA data was performed using GraphPad Prism (v9) software and
employed two-sided Wilcoxon rank-sum or Wilcoxon signed-rank
tests as indicated. Heatmap visualizations and hierarchical clustering
by one minus Spearman rank correlation with average linkage were
performed using Morpheus (https://software.broadinstitute.org/
morpheus).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The sequencing data generated in this study have been deposited in
the Gene Expression Omnibus database under accession code
GSE275788. The de-identified individual patient clinical data are
available under restricted access for ongoing research, regulatory, and
privacy reasons due to ethical concerns related to the sensitive nature
of the participant information. Interested investigators can obtain and
certify a data transfer agreement and submit requests by emailing
Jeffrey Skolnik (Jeffrey.Skolnik@inovio.com). The raw individual
patient data were protected and are not available due to data privacy
laws. The processed de-identified immunology data are available
under restricted access for privacy, ethical, and ongoing research
concerns. Interested investigators can obtain and certify a data trans-
fer agreement and submit requests by emailing Matthew Morrow
(Matthew.Morrow@inovio.com). Responses to data requests will be
provided within 30 days of receipt.

Code availability
Custom code used in this analysis can be found on GitHub (https://
github.com/Inovio-Pharmaceutical/CloneTrack.Adopted.git).
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