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Oncolytic T-VEC virotherapy plus 
neoadjuvant chemotherapy in nonmetastatic  
triple-negative breast cancer: a phase 2 trial
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Ricardo Costa1, Marie C. Lee    1, Bethany Niell3, Angela Williams3, Alec Chau3, 
Shannon Falcon3, Aixa Soyano1, Avan Armaghani1, Nazanin Khakpour1, 
Robert J. Weinfurtner    3, Susan Hoover1, John Kiluk1, Christine Laronga1, 
Marilin Rosa4, Hung Khong1 & Brian Czerniecki1

Talimogene laherparepvec (T-VEC) is an oncolytic virus hypothesized to 
enhance triple-negative breast cancer (TNBC) responses to neoadjuvant 
chemotherapy (NAC). This article describes the phase 2 trial of T-VEC plus 
NAC (ClinicalTrials.gov ID: NCT02779855). Patients with stage 2–3 TNBC 
received five intratumoral T-VEC injections with paclitaxel followed by 
doxorubicin and cyclophosphamide and surgery to assess residual cancer 
burden index (RCB). The primary end point was RCB0 rate. Secondary end 
points were RCB0–1 rate, recurrence rate, toxicity and immune correlates. 
Thirty-seven patients were evaluated. Common T-VEC toxicities were 
fevers, chills, headache, fatigue and injection site pain. NAC toxicities were 
as expected. Four thromboembolic events occurred. The primary end 
point was met with an estimated RCB0 rate = 45.9% and RCB0–1 descriptive 
rate = 65%. The 2-year disease-free rate is equal to 89% with no recurrences 
in RCB0–1 patients. Immune activation during treatment correlated with 
response. T-VEC plus NAC in TNBC may increase RCB0–1 rates. These results 
support continued investigation of T-VEC plus NAC for TNBC.

Triple-negative breast cancer (TNBC) constitutes approximately 15% 
of newly diagnosed breast cancer and is a major therapeutic challenge. 
Systemic therapy for early-stage TNBC for decades consisted of cyto-
toxic chemotherapy because of the lack of therapeutic targets1. Early 
metastatic relapses with short overall survival leads to a dispropor-
tionate mortality burden relative to hormone receptor-positive and 
HER2+ disease2. Investigation of new agents in the neoadjuvant setting 
is an ideal way to interrogate their activity. This may be particularly 
important for immunotherapy agents to allow the patient’s immune 
system to activate against tumor-associated antigens before tumor 
excision and the onset of chemotherapy-induced immunosuppression.

In 2017, a phase 1 and 2 study was initiated to explore the activity 
of talimogene laherparepvec (T-VEC) (an engineered oncolytic herpes 
simplex 1 virus encoding granulocyte-macrophage colony-stimulating 
factor) combined with standard anthracycline and taxane chemother-
apy to treat early-stage TNBC. The rationale for incorporating T-VEC 
with chemotherapy was based on an observation that TNBC tumors 
with extensive pre-existing lymphocytic infiltrates respond better to 
neoadjuvant therapy3. Preclinical data supported synergy between 
oncolytic virus and chemotherapy4. We hypothesized that the oncolytic 
and immune-activating effects of T-VEC observed in melanoma would 
increase the response rate for TNBC tumors injected with T-VEC during 
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Five of the 37 patients (14%) who were evaluated did not complete 
their entire chemotherapy sequence. One patient stopped during 
paclitaxel due to severe neuropathy, and three patients stopped dur-
ing doxorubicin and cyclophosphamide due to chemotherapy-related 
toxicities. Three of the RCB1 and 11 of the RCB2–3 patients received 
adjuvant capecitabine. All patients except for one were treated with 
adjuvant radiation as indicated. Patient-level data including tumor 
response by pathology and imaging (if available) are provided in 
Extended Data Table 1.

Pharmacodynamic and predictive biomarker analyses
The immunofluorescence analysis of pretreatment versus week 6 on 
treatment samples demonstrated statistically significant increases in 
the density of CD3+CD8+ effector T cells and CD3+CD45RO+ memory 
T cells. The lymphocyte densities in the resected specimens declined 
from the week 6 time point after completion of chemotherapy. The 
percentage of patients who had an absolute increase in their CD8+ 
tumor-infiltrating lymphocyte (TIL) counts at week 6 or posttreat-
ment from baseline was 76%. (Fig. 2a–e).

The xCELL immune score (an aggregate measure of multiple 
immune cell phenotypes that quantifies overall immune infiltra-
tion within tumors), CD8+ effector and CD8+ memory proportions 
derived from the RNA sequencing (RNA-seq) deconvolution data 
were increased at week 6 versus pretreatment consistent with the 
observed increases in the immunofluorescence data. (Fig. 2f). Gene 

neoadjuvant chemotherapy (NAC). Our phase 1 results demonstrated 
the safety and feasibility of this approach5.

Since initiation of this study, high-risk early-stage TNBC treatment 
has evolved with the 2021 U.S. Food and Drug Administration approval 
of pembrolizumab combined with chemotherapy based on an improve-
ment in pathological complete response (64 versus 51% with chemo-
therapy alone) and 3-year event-free survival (EFS) (84.5 versus 76.8% 
with chemotherapy alone) seen in the KEYNOTE-522 trial6,7. While this is 
a significant improvement, there are trade-offs including an increased 
risk of autoimmune side effects. Adding additional systemic immu-
notherapy agents to this regimen will be challenging if they increase 
the rates of these autoimmune adverse events. Locally administered 
agents like oncolytic viruses may boost tumor anti-immunity without 
increasing systemic toxicities.

This article describes the results of our phase 2 trial of T-VEC when 
combined with anthracycline and taxane chemotherapy and provides a 
foundation for assessing its contribution to the treatment of TNBC. The 
correlative data also demonstrate the optimal time frame for assess-
ing immune activation, explore response-associated gene expression 
pathways and provide valuable insights for further investigation of 
oncolytic viruses in early-stage TNBC.

Results
Patient accrual details and demographics
From 1 May 2018 to 15 April 2020, 40 patients were consented to the 
trial, with 3 patients not evaluated for the efficacy end point because of 
an incomplete treatment (2 early withdrawals per patient choice in the 
first stage, 1 patient because of noncompliance in the second stage of 
the trial). Replacement of the patients who could not be evaluated did 
not affect the results because the prespecified rule was independent 
of the main end point and patients were truly uninformative dropouts 
(their response category was unknown at the time of withdrawal). Fur-
thermore, the two replacements in the first stage occurred after the 
required number of responses were attained; the one replacement in 
the second stage did not significantly alter the probability of reaching 
the required number of responses to reject the null hypothesis. The 
trial is ongoing to allow for continued follow-up per protocol. The 
characteristics of the patient population that could be evaluated are 
presented in Table 1.

Safety data
Toxicities in the treated population (n = 40) did not differ significantly 
from expected NAC toxicities except for increased brief grade 1–2 
fevers, chills, headaches and injection site pains (25% all grades). Four 
patients (10%) had grade 2–3 venous thromboembolic events (VTEs) 
slightly greater than expected 6% rate on NAC. One of the VTEs was 
related to a port catheter and three of the other VTEs were pulmonary 
emboli. In these three cases, one patient had a previous history of VTE 
that required anticoagulation. The two other VTEs occurred over two 
months from the last T-VEC injection after completion of NAC and 
were adjudicated by the institutional safety committee to be related 
to NAC and an underlying malignancy. Table 2 lists all grade adverse 
events equal to or greater than 30%.

Patient outcomes
There were 16 residual cancer burden (RCB) 0 pathological complete 
responses (pCRs) out of 37 patients, with an estimated 45.9% pCR rate 
accounting for the Simon two-stage design (90% confidence interval 
(CI) = 32–54%, P = 0.055). Eight additional patients had RCB1 minimal 
residual disease, resulting in a descriptive RCB0–1 rate of 65% (95% 
CI = 50–82%). With a median follow-up of 30 months, there were four 
distant breast cancer recurrences and one of these resulted in death 
from breast cancer. None of the disease-free survival (DFS) events 
occurred in RCB0–1 patients. The DFS curves for the population that 
could be evaluated are shown in Fig. 1.

Table 1 | Characteristics of the patient population that was 
evaluated

Sex Females 37 (100%)

Age Median = 49 (range = 27–66)

Ethnicity White 27 (73%)

Black 4 (11%)

Hispanic 6 (16%)

Stage II 31 (84%)

III 6 (16%)

Lymph node-positive 15 (42%)

Tumor size T1 1 (3%)

T2 26 (70%)

T3 10 (27%)

Median baseline tumor size, 
cm (range)

3.8 (1.7–7.2)

Grade 2 5 (14%)

3 32 (86%)

Percentage sTIL Median percentage on 
available H&E slides

50% (10–80%)

Completed full 
chemotherapy

Yes 32 (86%)

No 5 (14%)

All planned T-VEC received Yes (five doses) 34 (92%)

No (four doses) 3 (8%)

Surgery performed Mastectomy/SLN or CALND 19 (52%)

Lumpectomy/SLN 18 (48%)

Adjuvant radiation Yes 29 (78%)

No 8 (22%)

Adjuvant capecitabine Yes 14 (38%)

No 23 (62%)

CALND, complete axillary lymph node dissection; SNL, sentinel lymph node dissection
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set enrichment analysis (GSEA) revealed upregulation of multiple 
immune signaling pathways (allograft rejection, interferon-γ response, 
complement, interleukin-6–Janus kinase–signal transducer and activa-
tor of transcription 3, inflammatory) at 6 weeks compared to baseline. 
Reductions of signaling in proliferation-related genes (E2F targets, 
G2M checkpoints, MYC targets) were also noted (Fig. 2g). Secondary 
analysis of T cell receptor repertoire changes within samples will be 
part of a future analysis and are not reported in this article.

The comparison of the CD8+ lymphocyte density within the pre-
treatment samples did not reveal a significant difference in median den-
sity between RCB0–1 and RCB2–3 patients (39.6 versus 57.4, P = 0.96). 
The comparison of the shift in CD8+ density from baseline to week 6 in 
RCB0–1 patients showed a statistically significant difference (292.6 
versus 39.6, P = 0.0002), while this change was not significant in the 
RCB2–3 patients (57.4 versus 80.7, P = 0.1) (Fig. 3a). The stromal TIL 
(sTIL) percentages were evaluated on available hematoxylin and eosin 
(H&E) slides using IWG TIL criteria but did not show a significant differ-
ence between RCB0–1 and RCB2–3 (median 55 versus 50%, P = 0.83). 
The percentage of programmed death-ligand 1 (PD-L1) cell positivity 
(using a greater than 1% cutoff) in pretreatment samples enriched for 
RCB0–1 responders compared to those with 1% or less, but the differ-
ence was not statistically significant (P = 0.12). (Fig. 3b).

Baseline samples from tumors with poorer response (RCB2–3) 
versus those with excellent response (RCB0–1) had higher expression 
of the epithelial–mesenchymal transition (EMT) GSEA pathway and 
downregulation of E2F targets, G2M checkpoint pathways (Fig. 3c). 
There was a nonsignificant trend toward a lower complete response 
rate in non-basal (mesenchymal and luminal androgen receptor) 

TNBC molecular subtypes compared to those with complete response  
(16.6 versus 40.5%, P = 0.17). Looking at the deconvolution immune 
infiltrate data across the various subtypes, the RCB0–1 week 6 samples 
demonstrated greater overall immune cell enrichment compared 

Table 2 | Safety data for enrolled participants by CTCAE v.4.03

Adverse event Grade 1–2 (n) Grade 1–2 (%) Grade 3 (n) Grade 3 (%) Grade 4 (n)a Grade 4 (%) Total (n) Total (%)

Anemia 32 80 3 7.5 0 0 35 87.5

Fatigue 31 77.5 3 7.5 0 0 34 85

Nausea 27 67.5 2 5 0 0 29 72.5

Neuropathy 24 60 1 2.5 0 0 25 62.5

Chills 21 52.5 0 0 0 0 21 52.5

Headache 20 50 0 0 0 0 20 50

Leukopenia 18 45 0 0 1 2.5 19 47.5

Rash 16 40 2 5 0 0 18 45

Fever 17 42.5 1 2.5 0 0 18 45

Increased alanine 
transaminase

17 42.5 0 0 0 0 17 42.5

Diarrhea 15 37.5 1 2.5 0 0 16 40

Neutropenia 9 22.5 6 15 1 2.5 16 40

Constipation 14 35 1 2.5 0 0 15 37.5

Cough 15 37.5 0 0 0 0 15 37.5

Oral mucositis 14 35 0 0 0 0 14 35

Alopecia 14 35 0 0 0 0 14 35

Upper respiratory infection 11 27.5 2 5 0 0 13 32.5

Hyperkalemia 13 32.5 0 0 0 0 13 32.5

Increased alkaline 
phosphatase

13 32.5 0 0 0 0 13 32.5

Pruritus 13 32.5 0 0 0 0 13 32.5

Bone pain 12 30 0 0 0 0 12 30

Dysgeusia 12 30 0 0 0 0 12 30

Myalgia 12 30 0 0 0 0 12 30
aNo grade 5 events occurred.
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Fig. 1 | DFS curve for the study population. The Kaplan–Meier figure shows 
the EFS for the entire study population (n = 37, blue line), RCB0–1 population 
(n = 24, green line) and RCB2–3 population (n = 13, red line) with the at-risk table 
included.
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Fig. 2 | Time point biomarker analyses. a, Pretreatment immunofluorescence 
sample with low lymphocyte infiltration. b, Week 6 sample demonstrating 
dense lymphocyte cell infiltration. c, Diminished residual infiltration on the 
posttreatment resection specimen. d, Zoomed-in region of interest of week 6 
sample with color legend for the immunofluorescence markers. e, Comparison 
of CD3+CD8+ effector T, CD3+FOXP3+ regulatory T and CD3+CD45RO+ memory 
T cell densities across the three time points from the available patient samples 
at baseline (n = 28), week 6 (n = 22) and posttreatment (n = 28) using a Kruskal–
Wallis test with Dunn correction. f, Comparison of the xCELL deconvolution 
immune score, CD8+ and CD45RO+ cell proportions across the three time points 

from the available patient samples at baseline (n = 38), week 6 (n = 21) and 
posttreatment (n = 16) using a Kruskal–Wallis test with Dunn correction. All box 
plots in the figures show median values with IQRs and the whiskers represent 
the minimum and maximum ranges. P values are two-sided. g, GSEA expression 
level changes (normalized enrichment scores (NES)) from baseline to week 6 
showing that multiple immune signaling gene groups increased significantly 
while proliferation gene families were significantly decreased. Pre, pretreatment 
baseline; week 6, week 6 on treatment sample; post, posttreatment resected 
specimen after chemotherapy.
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to RCB2–3 week 6 samples with notable increases in B and T cell  
subsets (Fig. 3d).

Analysis of peripheral blood lymphocytes by flow cytometry 
showed small but statistically significant increases in the percentages 
of CD8+TIM3+ terminal effector T cells at five weeks (median baseline 

37.6 versus 41%, adjusted P = 0.009) and natural killer (NK) cells at 
nine weeks (median baseline 11.1 versus 13.3%, adjusted P = 0.017). 
Statistically significant small decreases at week 9 in circulating regula-
tory T cells (median baseline 7.1 versus 6.3%, adjusted P = 0.003) and 
CD8+CXCR5+ T cells involved in homing to lymphoid follicles during 
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Fig. 3 | Predictive biomarkers for response. a, Changes in CD8+ cell density 
from baseline to week 6 was significantly higher in RCB0–1 responders (RCB0–1 
pretreatment (n = 19), RCB0–1 week 6 (n = 15)) compared to RCB2–3 responders 
(RCB2–3 pretreatment (n = 9), RCB2–3 week 6 (n = 7)) using a Kruskal–Wallis 
test with Dunn correction. The bar graph shows the median values with the 
whiskers showing the minimum and maximum ranges. P values are two-sided. 
b, Distribution of RCB0–1 responses versus RCB2–3 responses for patients with 
a pretreatment biopsy tissue percentage of PD-L1+ cells ≤ 1% or > 1%. There was a 
nonsignificant trend for improved responses in > 1% PD-L1+ patients (P = 0.09) 

using a contingency Fisher exact test. P value is two-sided. c, The GSEA signature 
on the baseline samples from RCB2–3 patients showed an increased expression 
(NES) for EMT-related genes and a decreased expression of E2F, oxidative 
phosphorylation, cell cycle and adipogenesis-related genes. d, xCELL immune 
cell average enrichment scores for the various immune cell subtypes across 
the pretreatment and week 6 time points for patients in the complete (pCR), 
residual disease (no pCR), residual disease 0–1 (RCB0–1) and residual disease 
2–3 (RCB2–3) groups. The cell subtypes are listed in the legend in the order they 
appear in each stacked bar from left to right.
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viral infections were observed (median baseline 0.24 versus 0.17%, 
adjusted P = 0.036). There were no statistically significant differences 
in circulating CD4+ helper T cell subsets including memory-like fol-
licular CXCR5+ helper T cells, CD19+ B cells and CD3+CD56+ NKT cells 
(Fig. 4). optSNE analysis of baseline samples from responders versus 
nonresponders identified enriched clusters of NKT cells and B cells 

in complete responders compared to nonresponders (Extended 
Data Fig. 1).

The top five overexpressed genes associated with poor response 
were contactin 6 (CNTN6), mucin 19 oligomeric (MUC19), aquaporin 3 
(AQP3), suppression of tumorigenicity 18 (ST18) and regulatory factor 
X4 (RFX4). The top five underexpressed genes associated with poor 
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Fig. 4 | Flow cytometry analysis of circulating lymphocytes. The graphs 
show the percentage of gated live lymphocytes for the various cell subsets from 
baseline to nine weeks after starting the T-VEC injections plus paclitaxel therapy. 
Regulatory T cells were identified as CD3+CD4+CD25+CD127low cells. Each time 

point group contains 20 matched patient samples; a Friedman test with  
Dunn correction was used for the analysis. The box plots represent the medians 
with IQRs and the whiskers are the minimum–maximum ranges. P values are 
two-sided.
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response were gap junction beta 6 (GJB6), filaggrin (FLG), suprabasin 
(SBSN), keratinocyte differentiation associated protein (KRTDAP) and 
keratin 6A (KRT6A) (Extended Data Fig. 2).

Discussion
To our knowledge, this is the first published report of a phase 2 trial 
using T-VEC with NAC for TNBC. The trial met its predefined primary 
end point of efficacy demonstrating that the addition of T-VEC to NAC 
may increase pCR rates above expected rates with chemotherapy alone 
in TNBC. While the standard of care for NAC in TNBC has evolved since 
the inception of the trial, these data provide critical information on 
the effects of T-VEC when added to standard chemotherapy without 
the addition of carboplatin or pembrolizumab. Of note, the phase 3 
Masterkey 265 trial studying pembrolizumab with T-VEC in advanced 
melanoma did not show a benefit raising questions about the abil-
ity of T-VEC to meaningfully enhance the clinical benefits of check-
point therapy8. Also, a small phase 2 T-VEC monotherapy trial by MD 
Anderson for recurrent breast cancer chest wall lesions did not show 
significant single-agent activity. Additional investigation is needed to 
determine if T-VEC will have additive or synergistic effects when com-
bined with chemotherapy plus checkpoint immunotherapy in early- 
stage TNBC.

This small, nonrandomized phase 2 single-center trial precludes 
making definitive conclusions regarding long-term outcomes for 
these patients treated with T-VEC. Another uncertainty is whether the 
intratumoral effect of T-VEC on TIL recruitment would translate into 
an improved cure rate. However, the preliminary EFS data are encour-
aging and would be similar to the outcome seen in KEYNOTE-522 if it 
remains unchanged with further follow-up. The recruiting of various 
immune cells into the tumor during therapy may improve the response 
in the breast while allowing the tumor to serve as an in situ cancer 
vaccine. This may increase immune surveillance by T cells against 
tumor-associated antigens expressed by micrometastatic disease. The 
direct oncolytic effect of the virus on tumor cells may also contribute 
to the additional efficacy of NAC.

Additionally, there is increasing appreciation for the impor-
tance of how new treatments can increase both the RCB0 and RCB1 
response rates because RCB1 patients have favorable outcomes 
relative to RCB2–3 patients9,10. The RCB0–1 rate for TNBC in the 
KEYNOTE-522 study with standard chemotherapy was 44%, while 
our regimen increased this to 65%. The RCB0–1 rate for KEYNOTE-522 
was 74%, which added carboplatin and pembrolizumab to stand-
ard anthracycline and taxane chemotherapy. If the conversion of 
RCB2–3 responses to RCB1 responses with a new treatment is sig-
nificant enough relative to the control group, this may lead to an 
improved EFS even if the rates of RCB0 responses are not significantly  
different. In our study, none of the RCB0–1 patients have recurred 
and continue to do well. This improved outcome was not accompa-
nied by a significant increase in serious adverse events or long-term 
autoimmune sequelae. The intratumoral administration of oncolytic  
viruses is feasible in patients with neoadjuvant breast cancer  
and provides an ideal setting to investigate the ability of these 
agents to enhance the host immune antitumor response both locally  
and systemically.

The exploratory biomarker analysis demonstrated a robust 
increase in immune signaling within most tumors during the first 
six weeks of the study treatment followed by a decrease of immune 
activation (but still above baseline) after completion of NAC. The 
increased expression of immune pathway genes was accompanied by 
a statistically significant early increase of CD8+ effector and CD45RO+ 
memory T cell density at six weeks. The flow cytometry data showed 
small increases in circulating CD8+ effector T cells and NK cells but 
the effect of ongoing chemotherapy may blunt or eliminate these 
increases during treatment with T-VEC over time. A similar pattern of 
early immune activation within tumors was noted in another biomarker 

study after the first cycle of anthracycline chemotherapy followed by 
a drop below the baseline levels on the conclusion of NAC11. Compar-
ing the chemotherapy-alone data to ours obtained during weekly 
paclitaxel + T-VEC, the distribution of our T cell densities was higher in 
many cases and our residual levels of immune infiltration on comple-
tion of therapy were also higher. This suggests that it is important to 
incorporate new immunotherapy agents as early as possible during 
NAC to exploit this early activation rather than waiting to use it as 
a salvage agent for residual disease after NAC or sequentially after 
adjuvant chemotherapy. The data on the use of durvalumab before 
chemotherapy in the GeparNuevo trial leading to improved pCR/RCB0 
rates would support this assertion12. Potently activating immune infil-
tration early on may predict a good response as evidenced by the larger 
increases in CD8 density at week 6 in the RCB0–1 patients. Baseline 
PD-L1 staining in the pretreatment samples trended toward enrichment 
of good responders, but like other neoadjuvant checkpoint studies, low 
baseline PD-L1 staining did not exclude benefit from treatment. The 
baseline level of immune infiltration was not strongly associated with 
response to the study therapy. This may be because T-VEC infection 
can trigger a de novo immune response within immunologically ‘cold’ 
tumors, whereas anti-PD-1 therapy is more dependent on a pre-existing 
immune response for its efficacy. In contrast, the baseline peripheral 
NKT and B cell populations enriched in good responders on flow cytom-
etry may identify patients with better baseline immune responsiveness 
to T-VEC tumor infection. However, we did not observe increases in 
NKT or B cells over time. The interplay between NKT cells and B cells 
during viral infection is important in shaping the antiviral innate and 
adaptive humoral responses. Additionally, preclinical data suggest that 
administration of oncolytic viruses followed by activation of NKT cells 
led to improved survival in breast cancer mouse models13,14. Future 
neoadjuvant studies with brief windows of oncolytic virus therapy 
with or without checkpoint treatments before the administration 
of chemotherapy may provide a better setting to study short-term 
immune responses in patients.

With regard to tumor biology, the GSEA analysis indicated that 
tumors with higher EMT and lower proliferation signaling through 
pathways such as E2F at baseline did not respond as well. The  
mesenchymal TNBC subtype was enriched in residual disease patients 
also. This is not surprising given that mesenchymal subtype tumors 
are more chemoresistant and viral particle production is dependent 
on robust E2F activation to drive the cells into the S phase15,16. Of the 
individual genes associated with poor response, AQP3 overexpres-
sion has been shown to be an adverse prognostic marker in TNBC and  
may reflect more aggressive biology that is resistant to cytolytic 
agents17. Additional biomarker research may provide further insights 
into the optimal use of intratumoral oncolytic virus therapy in com-
bination with other agents to overcome resistance and enhance 
tumor lysis.

In conclusion, the results from this phase 2 trial demonstrates that 
T-VEC when added to systemic chemotherapy may increase responses 
in high-risk early-stage TNBC. There is evidence of robust immune acti-
vation within the tumor and additional investigation of T-VEC in com-
bination with current chemoimmunotherapy for TNBC is warranted.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41591-023-02210-0.
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Methods
Study design and participants
The study used an open-label Simon two-stage design conducted 
at a single center (Moffitt Cancer Center; NCT02779855). The study 
protocol is included as supplementary information. Clinical data were 
entered using Oncore CTMS v.15.

The eligibility criteria for the trial included females, 18–70 years 
of age, diagnosed with clinical stage T2-3N0-2M0 triple-negative inva-
sive breast cancer, Eastern Cooperative Group performance status of 
0–1, adequate organ function and hematological counts, echocardio-
gram within institutional normal limits and suitable candidates for 
NAC. Clinical staging of patients used clinical exam, mammography, 
breast ultrasonography and magnetic resonance imaging, computed 
tomography and bone scans. Patients with inflammatory, bilateral or 
multicentric breast cancers, active herpes simplex virus infection, 
on anticoagulation, immunodeficiency or autoimmune disease were 
excluded.

Procedures
All study procedures were performed after written informed consent 
in accordance with all regulatory requirements mandated by the insti-
tutional review board of the University of South Florida.

The study treatment consisted of an intratumoral injection of 
T-VEC at 106 plaque-forming units (PFUs) on week 1 followed by 108 PFU 
doses injected on weeks 4, 6, 8 and 10 concurrently with intravenous 
once-weekly paclitaxel (80 mg m−2) for 12 weeks followed by 4 doses 
of every two-week intravenous doxorubicin and cyclophosphamide 
(60/600 mg m−2) with pegfilgrastim. Administration of T-VEC was iden-
tical to the method published previously5. Patients underwent ultra-
sound measurement of the primary tumor largest dimension on each 
injection day to determine the volume of T-VEC used (> 5 cm = 4 ml, 
2.6–5 cm = 2 ml, 1.6–2.5 cm = 1 ml, 0.6–1.5 cm = 0.5 ml, < 0.6 cm = 0.1 ml) 
The patient then underwent ultrasound-guided placement of a spinal 
needle across their tumor. After stylet removal, the T-VEC syringe was 
attached and T-VEC was infiltrated throughout the tumor as the needle 
was withdrawn. Patients underwent surgical resection and adjuvant 
radiation after NAC as medically indicated. Patients with residual dis-
ease after NAC could receive adjuvant capecitabine per their treating 
medical oncologist.

Outcomes
The primary end point was pathological complete response (pCR/
RCB0) rates, defined as no residual invasive disease in the breast or 
sampled nodes after completion of neoadjuvant therapy. Secondary 
end points were RCB index response category, toxicity using common 
terminology criteria for adverse events (CTCAE) v.4.03, DFS in months, 
density of immune infiltrates (average no. of cells per mm2 of tissue) by 
immunofluorescence microscopy and differences in gene expression 
between different time points and RCB response categories (0 = pCR, 1, 
2, 3). RCB was calculated using the MD Anderson RCB calculator (http://
mdanderson.org/breastcancer_RCB).

Correlative experiments
Formalin-fixed paraffin-embedded 5-μm tissue sections from the 
pretreatment biopsy (available in 28 phase 2 patients), week 6 biopsy 
(available in 22 phase 2 patients after an amendment) and from the 
resected tumor were stained using multiplex immunofluorescence. 
The Moffitt Advanced Analytical and Digital Pathology Lab performed 
the analysis using a Vectra automated quantitative pathology system 
(Akoya Biosciences) and an optimized seven-channel OPAL panel for 
the following markers: 4,6-diamidino-2-phenylindole (DAPI), FOXP3, 
CD3, CD8, CD45RO, PD-L1 and pan cytokeratin. Enumeration of posi-
tive cells per square millimeter of tissue was calculated to provide a 
density of positive cells across the entire tissue section. The stromal 
TIL (sTIL) percentage on H&E was assessed by our breast pathologist 

on available diagnostic biopsy slides with sufficient stroma using the 
TIL International Working Group methodology18.

Transcriptomic RNA-seq analysis was performed on macrodis-
sected tumor tissue through the Moffitt Molecular Genomics core 
using Illumina TruSeq RNA exome kits. Read adapters were detected 
with BBMerge v.37.88 (ref. 19) and removed with cutadapt v.1.8.1. For 
gene expression analysis, processed raw reads were aligned to human 
genome HG19 using STAR v.2.5.3a (ref. 20). Gene expression was evalu-
ated as read count at gene level with HTSeq v.0.6.1 (ref. 21) and Gencode 
gene model v19. Gene expression data were normalized and differen-
tial expression between experimental groups were evaluated using 
DEseq2 v.1.38.2 (ref. 22). Pathway enrichment was analyzed with GSEA23. 
The Moffitt Bioinformatics core performed the transcriptomics and 
deconvolution of immune cell type enrichment via the xCELL method 
(https://xcell.ucsf.edu)24. The molecular subtyping of the TNBC sam-
ples was carried out using the online TNBCtype tool (https://cbc.app.
vumc.org/tnbc/prediction.php) on log2-transformed mean-centered 
RNA-seq gene read counts25.

Flow cytometry was performed on cryopreserved peripheral blood 
mononuclear cells collected on 20 patients (after a protocol amend-
ment) at baseline and weeks 2, 5 and 9 within the Moffitt Flow Cytometry 
core on a BD LSR II cytometer using antibodies for CD3 (BUV395, BD 
Biosciences), CD4 (BV480, BD Biosciences), CD8 (PerCP5.5, BioLegend), 
CD127 (APC, BioLegend), CD25 (PeCy7, BD Biosciences), CD56 (PE, 
BioLegend), CD19 (APC-R700, BD Biosciences), PD1 (BV786, BD Bio-
sciences), TIM3 (BB515, BD Biosciences), CXCR5 (BV421, BD Biosciences) 
and Zombie NIR LIVE/DEAD (BioLegend). Single-stain UltraComp beads 
(Invitrogen) were used for compensation plus eight-channel QC beads 
for each run. Unstained negative controls and F minus one stained cells 
to assist with gating were included. Cells underwent antibody incuba-
tion (1:10 dilution) for 20 min at 4 °C. Data analysis was done with FlowJo 
v.10.8.1 (BD Biosciences) using manual population gates. After manual 
gating on live single lymphocytes (Extended Data Fig. 3) FCS files under-
went automated quality control using the Flowclean plug-in followed 
by downsampling (20,000 events per file). To compare time points, a 
Friedman nonparametric test with Dunn correction was used. For the 
optSNE analysis, the baseline time point files were concatenated and the 
t-distributed stochastic neighbor embedding FlowJo tool was used with 
the optSNE learning configuration, Barnes–Hut gradient algorithm, 
exact k-nearest neighbor, 1,000 iterations, 30 perplexity.

Statistical analysis
All statistical analyses were performed with Prism v.9.3.1 (GraphPad 
Software) and RStudio v.4.2.1. The Simon two-stage optimal design was 
used for sample size selection to test the null hypothesis that the true 
response rate is 0.30 versus the alternative that the true response rate 
is 0.45. If in the initial 12 first-stage patients who were evaluated fewer 
than 3 had an RCB0 response, then the trial would be terminated for 
futility. If the trial went on to the second stage, a total of 25 additional 
patients who could be evaluated would be enrolled for a total of 37 
patients. If the total number responding is fewer than 14, the alterna-
tive hypothesis is rejected. This design yielded a one-sided type I error 
rate of 0.0990 and power of 0.70 when the true response rate is 0.3. 
The probability of early stopping was 0.49.

The primary end point of this study was the pCR rate (RCB0) 
defined as no residual invasive carcinoma in the breast and ipsilateral 
lymph nodes after NAC. The two-stage inference UMVUE software 
program in R was used to generate an estimation of the pCR/RCB0 
rate and P value.

Descriptive methods were used to tabulate frequencies of patient 
characteristics, adverse events and to estimate RCB0–1 response rates. 
Patients were evaluated for toxicity if they received any study treatment 
but must have received at least three T-VEC injections plus six weekly 
doses of paclitaxel to be evaluated for efficacy. DFS rates were analyzed 
using the Kaplan–Meier method.
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Immune cell densities and deconvolution immune scores and 
cell populations between pretreatment, week 6 and posttreatment 
samples were analyzed using nonparametric Kruskal–Wallis tests with 
Dunn multiple testing correction and a two tailed P < 0.05 was consid-
ered statistically significant. For the box plots, the center lines are the 
medians with interquartile ranges (IQRs) and the whiskers represent the 
minimum and maximum. The significance value for all GSEA pathway 
and differentially expressed genes was a false discovery rate of less than 
5%. The Fisher exact test was used for contingency testing of responders 
and nonresponders with PD-L1 ≤ 1% versus > 1% baseline samples and 
for the distribution of TNBC subtypes. For the secondary correlative 
exploratory analyses, the available samples from the phase 1 safety run 
in patients were included to maximize data sample size. All correlatives 
were performed once per patient sample with no technical replicates.

Data sharing
Requests for data should be directed to hatem.soliman@moffitt.org 
and will be responded to within four weeks. Investigators require an 
institutionally approved study proposal and/or protocol along with a 
data access agreement for access to deidentified human data that are 
required for the specified study aims. Deidentified patient sequencing 
data access will be managed in accordance with institutional review 
board guidelines within an appropriate access-controlled repository 
(that is, database of Genotypes and Phenotypes) starting 6 months and 
for up to 36 months after publication (human genome HG19 GenBank 
accession no. GCA_000001405.1).

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

Data availability
The RNAseq dataset is available on dbGAP (https://dbgap.ncbi.nlm.
nih.gov/) to researchers with an approved dbGAP profile as outlined 
on the website, using the accession number phs003199.v1.p1. All other 
datasets generated during and/or analysed during the current study 
can be requested from the corresponding author. Requests will be 
responded to within 4 weeks.
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Extended Data Fig. 1 | OptSNE analysis of baseline circulating lymphocytes. 
The image shows the identified lymphocyte clusters of closely related 
populations along with their dominant cell surface markers. The first panel shows 
which clusters of cells are from responders (events in red) versus non-responders 

(events in yellow). Four clusters highlighted in the figure are particularly 
enriched for events from responders. The first three clusters appear to be natural 
killer T cell subsets (NKT) and the fourth cluster a B cell predominant one.
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Extended Data Fig. 2 | Gene expression associated with poor response. Volcano plot showing statistically significant differentially expressed individual genes 
represented by red dots.
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Extended Data Fig. 3 | Gating illustration. A representative ancestry gating figure for the various populations quantified.
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Extended Data Table 1 | Patient-level clinico-pathological data table

Each row represents an individual patient. C TNM represents clinical tumor/node staging (all patients would be M0); tumor size in cm represents the largest dimension based on available 
pretreatment standard imaging; MRI response is the percentage reduction in tumor volume on post-chemotherapy preoperative MRI compared to baseline MRI volume (if available). ypT, 
largest residual cancer dimension by staging; ypN, residual node stage by staging; LN, number of residual nodes with viable disease; percentage EST TUMOR REDUCTION, percentage 
estimation of tumor size reduction by pathology based on tumor bed size; LN TX EFFECT, if there was treatment effect in any nodes; DCIS, if DCIS was associated or present in the resected 
specimen; PCR, if pathological complete response was attained; RCB, residual cancer burden classification; GRADE, Bloom–Richardson grade; percentage TIL, percentage stromal TIL 
content in diagnostic biopsy slide (when available or evaluable) using the International Working Group TIL counting method; no. OF INJECTIONS, no. of T-VEC injections administered; 
START VOL, starting volume of T-VEC injections; SURGERY, MRM/CALND-modified radical mastectomy or complete axillary lymph node dissection; SLN, sentinel lymph node dissection; 
lump, lumpectomy; mast, mastectomy; RT, adjuvant radiation; AC, doxorubicin/cyclophosphamide chemotherapy doses; T, paclitaxel doses; ADJUVANT TX, adjuvant chemotherapy; cape, 
capecitabine; carbo, weekly carboplatin (given during chest wall radiation).
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