
Nature | www.nature.com | 1

Article

Clinical trial links oncolytic immunoactivation 
to survival in glioblastoma
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Immunotherapy failures can result from the highly suppressive tumour 
microenvironment that characterizes aggressive forms of cancer such as recurrent 
glioblastoma (rGBM)1,2. Here we report the results of a first-in-human phase I trial in  
41 patients with rGBM who were injected with CAN-3110—an oncolytic herpes virus 
(oHSV)3. In contrast to other clinical oHSVs, CAN-3110 retains the viral neurovirulence 
ICP34.5 gene transcribed by a nestin promoter; nestin is overexpressed in GBM and 
other invasive tumours, but not in the adult brain or healthy differentiated tissue4. 
These modifications confer CAN-3110 with preferential tumour replication. No 
dose-limiting toxicities were encountered. Positive HSV1 serology was significantly 
associated with both improved survival and clearance of CAN-3110 from injected 
tumours. Survival after treatment, particularly in individuals seropositive for HSV1, 
was significantly associated with (1) changes in tumour/PBMC T cell counts and clonal 
diversity, (2) peripheral expansion/contraction of specific T cell clonotypes; and  
(3) tumour transcriptomic signatures of immune activation. These results provide 
human validation that intralesional oHSV treatment enhances anticancer immune 
responses even in immunosuppressive tumour microenvironments, particularly in 
individuals with cognate serology to the injected virus. This provides a biological 
rationale for use of this oncolytic modality in cancers that are otherwise unresponsive 
to immunotherapy (ClinicalTrials.gov: NCT03152318).

High-grade gliomas (HGGs) are central nervous system tumours of 
glial origin with highly malignant morphologic and genetic features5,6. 
Among these, GBM is characterized by the worst outcome in terms 
of survival, with rapid recurrence after neurosurgical resection and 
chemoradiation7. Recurrent HGG (rHGG), including recurrent GBM 
(rGBM), is characterized by rapid neurological morbidity and survival 
of less than 10 months8. Although much is known of the genetics, cel-
lular composition and evolution of HGG/GBM, this has not translated 

into successful therapies. Traditional immunotherapy has also been 
ineffective in rHGG/rGBM1. This is thought to be due to the scarcity of 
infiltrating antitumour lymphocytes caused by a highly immunosup-
pressive tumour microenvironment (TME), defining these tumours as 
‘lymphocyte depleted’2. For rGBMs and several other highly immuno-
suppressive solid cancers, there is a need to find treatment modalities 
that can convert the TME into one that is more amenable to immuno-
therapy and immune activation.
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Oncolytic viruses are a form of immunotherapy in which oncolytic- 

virus-induced oncolysis alters the TME, promoting proinflamma-
tory pathways, activating resident and newly recruited immune cells 
through exposure of viral and possibly tumour antigens9–13. Several 
oncolytic viruses have been and continue to be tested in oncology, 
with one approved as a single-agent intralesional injection into 
melanoma14 and a second one approved for injection into rGBM in 
Japan15–17. Notably, several early-phase oncolytic-virus clinical trials 
for HGG have been published in recent high-profile literature17–23. 
Yet, immunological profiling of rGBMs treated with oncolytic viruses 
in numbers sufficient to correlate with a therapeutic outcome has  
been lacking.

Here we report safety data for a first-in-human phase I clinical trial 
in 41 patients with rHGG/rGBM who were treated with CAN-3110—
an oncolytic virus derived from herpes simplex virus type 1 (onco-
lytic HSV (oHSV); ClinicalTrials.gov: NCT03152318). We found that 
patients whose survival response after CAN-3110 was the longest were 
characterized by positive HSV1 serology with CAN-3110 clearance 
from infected tumour, differences in T cell clonotype metrics, and 
tumour transcriptomic signatures associated with immune activa-
tion programs. These findings provide human immunological and 
biological evidence supporting intralesional oncolytic treatment 
modalities to change the immunosuppressive TME into one that is 
more favourable for immunotherapy, providing broad relevance for 
the therapy of many solid cancers that are otherwise impervious to  
immune rejection.

Safety of CAN-3110 in patients with rHGG/rGBM
Most clinical oHSVs to date have deleted or removed the viral gene 
encoding ICP34.5 (refs. 3,4); although ICP34.5 enables robust replica-
tion of HSV in infected cells24,25, it is also responsible for neurotoxicity 
in mice26. To take advantage of ICP34.5’s functions that enhance viral 
replication/persistence and minimize neurotoxicity, CAN-3110 (former 
designation, rQNestin34.5v.2) was engineered to express a copy of the 
viral ICP34.5 gene under transcriptional control of the promoter for 
nestin, restricting viral replication and virulence to HGG/GBM cells3,4. 
To further ensure safety for initial use in humans, a multi-cohort clini-
cal trial design was implemented (Extended Data Fig. 1a). Moreover, 
to ensure that the injections occurred in tumour, intraoperative MRI 
guidance was used to visualize the injections (Extended Data Fig. 1b,c 
and Supplementary Methods). A total of 41 patients with rHGG/rGBM 
(42 interventions, see the note on participant 042/054 in the Supple-
mentary Methods; Extended Data Tables 1 and 2) were recruited to the 
trial. The patients were enrolled at their first (n = 18), second (n = 9) or 
third (n = 3) recurrence for cohorts 1–9 and at the first (n = 5), second 
(n = 3), third (n = 1) or fourth (n = 3) recurrence for cohort 10 (Extended 
Data Table 3). Tumour genomic data were typical for a rHGG/rGBM 
population (Extended Data Fig. 2), including the presence of muta-
tions in the CDKN2A/B (encoding p16) tumour suppressor pathway, 
previously shown to complement viral replication of oHSVs, such as 
CAN-3110, with defects in the viral ribonucleotide reductase func-
tion27. Serious adverse events, consisting of seizures requiring hospi-
talization and intervention, were observed in two patients, but there 
were no dose-limiting toxicities or clinical/pathological evidence of 
ICP34.5-induced HSV1 encephalitis/meningitis (Tables 1 and 2 and 
Extended Data Table 4). Thus, these data indicate the relative human 
safety of CAN-3110 at all tested doses despite the presence of the HSV1 
ICP34.5 neurovirulence gene.

HSV1 serology predicts efficacy
We tried to determine whether there were patients who benefited the 
most from treatment. Notably, 9 out of 41 patients (22%) had tumours 
associated with reduced survival28–30, such as depth (insular, thalamic), 

multifocality/multicentricity or bilateral laterality. In these latter 
cases, only one of the tumours or one hemispheric side of tumour was 
injected. Notably, patients like these are not routinely eligible for clini-
cal trials, compounding the difficulty in comparing to historical clinical 
trial data. The estimated median overall survival (mOS) of the entire 
rHGG/rGBM group was 11.6 months (95% confidence interval (CI) = 7.8–
14.9 months) (Fig. 1a). On the basis of the latest WHO classification5, 
we observed that, for the isocitrate dehydrogenase (IDH1/2) wild-type 
(WT) rGBM subgroup (n = 32 patients, 33 interventions), the mOS was 
10.9 months (95% CI = 6.9–14.4 months), whereas, for the subgroup with 
recurrent IDHmutant (IDHmut) anaplastic astrocytoma (rAA; grade 3 or 
4) (n = 4), the mOS was 5.4 months (95% CI = 2.6–∞ months) and, for the 
recurrent anaplastic oligodendroglioma (IDHmut; 1p/19q co-deleted), 
the mOS was 39.9 months (95% CI = 39.9–∞ months) (n = 5) (Fig. 1b). 
Progression-free survival times for the entire cohort and the cohort 
divided by the three rHGG diagnostic groups are shown in Extended 
Data Fig. 3a,b, respectively, and the clinical course of treated patients is 
shown in Extended Data Fig. 3c,d. Note that, in the swimmer plots, the 
timepoint of post-injection tumour resection is illustrated by a coloured 
triangle, with most additional antitumour therapies administered after 
resection. Full patient treatment histories have been included in Sup-
plementary Table 1. Examples of significant clinical and radiographic 
responses are illustrated in Extended Data Fig. 4, including a response 
in a multifocal/multicentric rGBM.

Clinical trials of oncolytic-virus therapy in cancer have not shown 
that viral serology predicts response19,31. We checked whether HSV1 
serology or seroconversion predicted survival in our study. In total, 14 
out of 41 patients were seronegative for HSV1 before CAN-3110 treat-
ment, with 4 out of 14 patients seroconverting after (Extended Data 
Table 3). Given the impact of IDHmut on survival32 and the small number 
of IDHmutpatients in the study, we focused analyses on the patients 
with IDHWT rGBM. Notably, HSV1 seropositivity both before and after 
treatment was associated with significantly longer survival after treat-
ment (P = 0.009 and P = 0.007, respectively) (Extended Data Fig. 5a). 

Table 1 | Total adverse events (grade 1 or 2) related to CAN-3110

Category CTC grade 1 CTC grade 2

Blood and lymphatic systems disorders

    Low eosinophil count 1 0 

General disorders and administration site conditions

    Fatigue 1 0 

    Fever 3 0 

Investigations

    Alanine aminotransferase increased 1 0 

    Lymphocyte count decreased 1 0 

    Platelet count decreased 1 0 

Musculoskeletal and connective tissue disorders

    Muscle weakness—lower limb 1 0 

    Muscle weakness—upper limb 1 0 

Nervous systems disorders

    Cerebral oedema 2 1

    Headache 0  1

    Expressive aphasia 1 0 

    Left leg numbness 0  1

    Left visual field defect 0  1

    Right arm joint position sense loss 1 0 

    Seizure 0  1

    Speech 0  1

Events reported as of 18 April 2022.

https://clinicaltrials.gov/ct2/show/NCT03152318
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In a survival analysis, HSV1-seropositive patients lived a median of 
14.2 months (95% CI = 9.5–15.7 months) versus only 7.8 months (95% 
CI = 3.0–∞ months) for seronegative patients (P = 0.007, likelihood ratio 
test; Fig. 1c). By contrast, HSV2 serology was not associated with sur-
vival (P = 0.9, likelihood ratio test; Fig. 1d). Similarly, the trend towards 
longer survival for HSV1-seropositive patients was observed in the 
small number of patients with IDHmutrAA (Extended Data Fig. 5b). Cox 
proportional hazard analyses in IDHWT rGBMs validated pre-CAN-3110 
positive HSV1 serology as a highly significant independent predictor of 
survival (Fig. 1e). As previously reported, age and tumour volume were 
also independent survival predictors33,34. These results therefore sug-
gest the importance of an immunological mechanism for the response 
of patients with IDHWT rGBM to CAN-3110 therapy.

CAN-3110 increases T cells in tumours
There has been understandable reluctance to routinely collect rHGGs/
rGBMs after an experimental therapy as it requires a surgical procedure. 
Even post-mortem examinations are rarely performed. To determine 
whether CAN-3110 induced a significant increase in lymphocytes in 
this lymphocyte-depleted tumour2, we endeavoured to recover as 
many post-treatment tumours as feasible either by re-resections 
at suspected progression and/or by post-mortem. Paired tumours 
from before and various timepoints after CAN-3110 treatment were 
analysed for a majority of separate rHGGs/rGBMs from patients after 
CAN-3110 treatment (Supplementary Table 2a–c and Supplementary 
Methods). In total, all analysed (except one) tumour pairs retained 
immunohistochemical expression for nestin and nectin-1, one of the 
major HSV receptors in cells35, both before and after injection (one 
tumour pair had insufficient material for pre-injection immunohis-
tochemistry analysis) (Extended Data Fig. 6a,b and Supplementary 
Table 2b). Histological and immunohistochemical analyses showed 
increases in CD8+ and CD4+ tumour-infiltrating lymphocytes (TILs) in 
most paired tumours after CAN-3110 treatment (Extended Data Fig. 6c 
and Supplementary Table 2b). TILs could be visualized in a perivascular 
distribution, as well as with diffusely scattered cells and occasional 
clusters throughout the tumour (Extended Data Fig. 6d) and surround-
ing large areas of tumour necrosis (Extended Data Fig. 6e). Quanti-
tative analyses showed a significant increase in CD4+ (P = 0.00085) 
and in CD8+ (P = 0.0034) TILs in most analysed paired tumours after 
CAN-3110 treatment (Fig. 2a and Supplementary Table 2c). There 
was a non-significant trend in CD20+ B cell increases in almost half of 
post-treatment samples. The most significant increases in CD8+ and 
CD4+ T cells were adjacent to perinecrotic areas that were possibly 
due to CAN-3110 cytotoxicity (Fig. 2b). The observed post-treatment 
increases in CD8+ and CD4+ T cells were significantly correlated with 
post-treatment survival in IDHWT rGBMs, but only in HSV1-seropositive 
patients (r = 0.58, P = 0.017 (CD8+) and r = 0.57, P = 0.026 (CD4+); Fig. 2c). 
Importantly, the overall quantitative assessments of CD8+, CD4+ and 
CD20+ TILs used in this analysis were not significantly confounded by 

the time of tissue collection (Extended Data Fig. 7a–c). Furthermore, 
longitudinal analyses of patient immune counts over time showed 
a non-significant trend towards a time-dependent decrease in CD8+ 
T cell numbers (albeit, without much change in CD4+ or B cells) over 
several months in HSV1-seronegative patients (Kruskal–Wallis test, 
P = 0.16; Extended Data Fig. 7d,e) more so than in HSV1-seropositive 
patients (P = 0.45), suggesting that the immune response induced by 
CAN-3110 may be durable over long periods of time in the latter. Multi-
plex immunofluorescence analysis in two of the analysed patients also 
showed CD68+ macrophage populations (specifically CD68+CD163+ 
myeloid cells expressing PD-L1) after CAN-3110 treatment, particularly 
in perinecrotic tumour regions (Extended Data Fig. 7f–i). These results 
therefore indicate that CAN-3110 induced an increase in TILs that was 
associated with longer survival in HSV1-seropositive patients but not 
in HSV1-seronegative patients.

Persistence is linked to seronegativity
It has been rare to find oncolytic viruses in injected tumours and, even 
when observed, persistence is limited to a few weeks21. We examined 
whether the observed immune infiltrates were associated with oHSV 
persistence in injected tumours. In 12 out of 29 tumours, oHSV antigen 
was present even several months after CAN-3110 injection (with the 
longest at 801 days) (Fig. 3a and Supplementary Table 2c). Importantly, 
in one case of multicentric GBM, a non-injected temporal lesion ana-
lysed 8 months after CAN-3110 injection showed positivity for HSV anti-
gen in the absence of antigen detection in the original injected lesion 
(Fig. 3b). PCR was used to confirm the presence of CAN-3110-specific 
viral DNA, indicating probable ongoing replication, and spread from 
the injected lesion to the non-injected tumour (Extended Data Fig. 8). 
Coupled with the previous findings, these results showed that there was 
prolonged persistence of CAN-3110 in some patients, with increased 
CD4+ and CD8+ T cells in injected rHGGs in most participants and evi-
dence of ongoing replication even in a tumour that was not initially 
injected in a patient with multicentric rGBM.

We examined whether the prolonged persistence of CAN-3110 in 
injected tumours was associated with HSV1 serological status. Indeed, 
oHSV persistence was significantly correlated with the absence of HSV1 
seropositivity either before or after CAN-3110 treatment (Fig. 3c,d). 
These findings suggested that oHSV persistence in injected rHGGs/
rGBMs may have been due to absence of a robust anti-HSV1 immune 
response. Coupled with the extended survival for patients with posi-
tive HSV1 serology (Fig. 1c), this suggests that tumour clearance of 
CAN-3110 characterized patients with an improved survival response  
to CAN-3110.

T cell metrics are linked to survival
The previous data (Fig. 2c) showed that CAN-3110 elicited an increased 
number of TILs in post-treatment samples that correlated with patient 

Table 2 | Serious adverse events (grade 3 or above) possibly, likely or definitely related to CAN-3110

Case Dose cohort Days after CAN-3110 Category Adverse event CTC grade Relation to CAN-3110 SUSAR

033 Arm A
3 × 109

16 Nervous system disorders Seizure 3 Possible N

033 Arm A
3 × 109

21 Nervous system disorders Cerebral haematoma 3 Possible N

046 Arm A
1 × 109 (2 ml)

2 Nervous system disorders Seizure 3 Possible N

046 Arm A
1 × 109 (2 ml)

3 Nervous system disorders Muscle weakness, left-sided 3 Possible N

Nervous system disorders Muscle weakness, facial muscle 3 Possible N

SUSAR, suspected unexpected serious adverse reaction.
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survival in the HSV1-seropositive patients. To further validate this find-
ing, we examined whether survival was also correlated with changes in 
T cell clonotype metrics in tumour and/or peripheral blood mononu-
clear cells (PBMCs). Again, we focused the analyses on the IDHWT rGBM 

population: out of the 29 paired rHGGs/rGBMs, 21 were IDHWT rGBMs 
(corresponding to 20 patients). T cell receptor β chain (TCRβ) DNA 
sequencing (DNA-seq) was performed on tumours and corresponding 
PBMCs collected at various timepoints after injection (range, 7–349 
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Fig. 1 | Survival data. a, Kaplan–Meier survival analysis of 41 patients with 
rHGG (42 interventions) after treatment with CAN-3110 (day 0). The shaded 
area shows the 95% CIs; the Kaplan–Meier estimate of survival probability is 
shown. Data maturity, October 2022. Median survival time (MST), 11.6 months 
(95% CI = 7.8–14.9 months). b, Kaplan–Meier survival analysis of patients with 
IDHWT rGBM (n = 32 patients, 33 interventions), IDHmutrAA (grades 3 and 4; n = 4 
patients) and IDHmut rAO (grade 3; n = 5 patients). MST, 10.9 months (IDHWTrGBM; 
95% CI = 6.9–14.4 months), 5.4 months (IDHmutrAA; 95% CI = 2.6–∞ months) and 
39.9 months (IDHmut rAO; 95% CI = 39.9–∞ months). Hazard ratio (HR): IDHmutrAO, 
0.07 (95% CI = 0.01–0.49, P = 0.0079, two-sided Cox proportional-hazard test); 
IDHmutrAA, 1.09 (95% CI = 0.38–3.16, P = 0.87, two-sided Cox proportional- 
hazard test). c, Kaplan–Meier survival analysis of 31 patients with IDHWT rGBM 
(32 interventions) by negative (n = 9) or positive (n = 22 patients, 23 interventions) 
HSV1 serological status after treatment with CAN-3110. MST, HSV1 positive, 
14.2 months (95% CI = 9.5–15.7 months); and HSV1 negative, 7.8 months (95% 
CI = 3.0–∞ months). P = 0.007 (two-sided likelihood ratio test). d, Kaplan–Meier 

survival analysis of 31 patients with IDHWT rGBM (32 interventions) by negative 
(n = 24 patients, 25 interventions) or positive (n = 7) HSV2 serological status 
before treatment with CAN-3110. MST, HSV2 positive, 6.9 months (95% CI = 2.2–∞  
months); and HSV2 negative, 11.8 months (95% CI = 8.3–14.5 months). P = 0.9 
(two-sided likelihood ratio test). e, Cox proportional-hazard ratio multivariate 
analyses for independent predictors of survival in patients with IDHWT rGBM 
after treatment with CAN-3110. The error bars and values in parentheses show 
the 95% CIs. P values calculated using two-sided Cox proportional-hazard  
tests are shown on the right for each covariate. The unit of tumour volume is 
increments of 10 cm3. Partial MGMT promoter methylation was treated as 
unmethylated. For patients who were administered dexamethasone within the 
30 days before or after CAN-3110 treatment, the median dose was 4 mg per day, 
and the median number of treated days during this time was 14.5 days.  
KPS, Karnofsky performance score. For c–e, participant 045 was excluded due 
to non-GBM mortality. PFU, plaque-forming units.
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days). These data were used to calculate changes in the T cell fraction 
and metrics of TCRβ diversity (productive entropy and productive 
Simpson clonality; Supplementary Methods). Again, these metrics were 
not significantly confounded by the collection timepoint (Extended 
Data Fig. 9a). We found that changes in the tumour T cell fraction (a 
measure of T cell frequency) after CAN-3110 treatment were positively 
correlated with prolonged post-treatment survival both in tumours of 
all of the patients and in tumours of the patients who were HSV1 sero-
positive (Fig. 4a and Extended Data Fig. 9b). Increased tumour TCRβ 
diversity (increased entropy/decreased clonality) was associated with 
prolonged post-treatment survival both in tumours of all of the patients 
and in tumours of patients who were HSV1 seropositive (Fig. 4b and 
Extended Data Fig. 9c,d). The same findings were observed for PBMCs 
(Fig. 4c,d and Extended Data Fig. 9e), suggesting that evolution of a 
polyclonal T cell response was correlated with survival. Notably, the 
association between HSV1 serology status and survival was maintained 
in the subset of patients with IDHWT rGBM for which TCRβ sequencing 
data were available (Extended Data Fig. 9f). Tumours from patients 
positive for HSV1 had nominally higher productive entropy (that is, 
higher TCRβ rearrangement diversity) compared with those from 
patients negative for HSV1 after (P = 0.070) but not before (P = 0.65) 
CAN-3110 treatment (Extended Data Fig. 9g), suggesting that TCRβ 
diversity after CAN-3110 treatment was influenced by positive HSV1 
serological status.

We also performed bulk RNA-seq analysis of a subset of IDHWT 
rGBMs for which tumours were frozen (to obtain good-quality RNA) 
and identified transcripts that possessed a V(D)J junction (indicating 
a T or B cell receptor transcript). The total number of pre-treatment 
V(D)J transcripts was significantly correlated with post-treatment 
survival, with a trend towards significance with total post-treatment 
V(D)J transcript counts (Extended Data Fig. 9h,i), whereas the num-
bers of unique V(D)J transcripts both before and after treatment were 
significantly correlated with survival (Extended Data Fig. 9j,k), further 

validating the association between TCR abundance/diversity and 
post-treatment survival.

Specific public T cells are linked to survival
We next examined whether there were specific T cell clonotypes that 
were associated with participant response to therapy. To do this, we 
focused on public T cell clonotypes36, shared among the 21 IDHWT rGBMs 
for which we had TCRβ sequencing data. As expected, public TCRβs 
between patients were relatively rare in PBMCs and even more so in 
tumours (Extended Data Fig. 10a–f and Supplementary Methods). We 
found 55 public TCRβ sequences in 21 paired PBMC samples that we 
could analyse. There were highly significant changes in the frequency 
of two public PBMC T cell clones that were significantly associated 
with survival after treatment with CAN-3110: CASSLGGNTEAFF37,38 
(Extended Data Fig. 10g; false-discovery rate (FDR) = 0.0035) and  
CASSSSTDTQYF39 ((Extended Data Fig. 10h; FDR = 0.018). Taken in 
conjunction, these findings show that survivorship after CAN-3110 
treatment in the studied patients was significantly correlated with 
overall changes in T cell clonotype metrics and changes in the frequency 
of at least two specific public T cell clonotypes in PBMCs.

Changes in T cell repertoire
Given the little overlap (very few public TCRs) in TIL-specific TCR clo-
notypes between patients (Extended Data Fig. 10), the relationship 
between survival after CAN-3110 treatment and TCR clonotype fre-
quency changes could not be meaningfully analysed in TILs. There has 
been recent interest in analyses of tumour/PBMC T cell clonal repertoire 
changes as a function of oncologic immunotherapy40. Similarly, we 
sought to determine whether the tumour/PBMC T cell clonal reper-
toire changed after treatment with CAN-3110. We found 63 TCRs that 
were significantly (FDR ≤ 0.05) expanded or depleted in TILs of 11 of 
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Fig. 2 | Neuropathologic analyses. a, Quantification of CD4+ and CD8+ T cells 
and CD20+ B cells from patients with available paired pre-treatment biopsies 
and post-treatment tumour samples distal from and/or directly adjacent to the 
virus injection site. n = 26 patients and 27 interventions (CD8+), and 24 patients 
and 25 interventions (CD4+ and CD20+). P values were calculated using two-sided 
Wilcoxon matched-pairs signed-rank tests. b, Quantification of CD8+, CD4+ and 
CD20+ cells in pre-treatment and post-treatment samples in tumour areas far 
from the CAN-3110 injection site versus tumour areas near to necrotic foci 
associated with CAN-3110 injection. For pre-treatment, post-treatment and 
perinecrotic areas, respectively, n patients (interventions) = 39 (40), 29 (30) 
and 6 (6) (CD8+); 37 (38), 29 (30) and 3 (CD4+); 36 (37), 29 (30) and 2 (2) (CD20+).  
c, Correlations between changes in immune counts and post-treatment survival 

for CD8+ (left), CD4+ (middle) and CD20+ (right) cells in IDHWT rGBMs. Pearson’s 
correlation coefficient r and P values (two-sided, based on t-distribution) are 
provided above each plot calculated either using all patients or using only 
patients who were HSV1 seropositive before or after treatment. When counts 
were available for multiple post-treatment timepoints for a patient, the 
timepoint with the highest number of CD4+CD8+ cells was chosen. Importantly, 
TIL counts were not significantly confounded by the collection timepoint 
(Extended Data Fig. 7a–c). Patient 045 was excluded from the analyses in c due 
to early non-GBM mortality. The box plots show the median (centre line), 25th 
and 75th percentiles (box limits) and up to 1.5× the interquartile range or to the 
minimum/maximum values (if <1.5 × interquartile range distance from the box) 
(whiskers).
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the analysed patients with IDHWT rGBM (Supplementary Table 3). If we 
looked at TCRs that concordantly changed in TILs and PBMCs, four 
TCRs significantly (FDR ≤ 0.05) expanded and five TCRs were signifi-
cantly depleted in both TILs and PBMCs (Extended Data Fig. 11a). Of 
the four expanded TCRs common between TILs and PBMCs, three were 
from a single patient—patient 021—who was an exceptional responder 
after CAN-3110 treatment and remained radiologically tumour free 
for more than 2 years after CAN-3110 treatment before dying due to 
a non-GBM-related event (Extended Data Fig. 4b and Supplementary 
Video 1). Notably, all TCRs that concordantly expanded/depleted in 
both TILs and PBMCs were in longer-surviving patients (Extended Data 
Fig. 11b), suggesting that defined and concordant PMBC/TIL T cell 
clonal repertoire changes denoted responses after CAN-3110 treatment.  
In one participant (previously discussed in Fig. 3b and Extended Data 
Fig. 8) who remained HSV1 seronegative throughout the trial and 
was therefore unlikely to have T cell reactivity against HSV1, there 
were four expanding emergent T cell clonotypes (Extended Data 
Fig. 11c). This suggested that these were unlikely to be reactive against  
CAN-3110. When assessing V(D)J gene usage, we also identified a cor-
relation between post-treatment TCRBV09-01*01 (refs. 41,42) usage and 
survival in HSV1-seropositive patients (Extended Data Fig. 11d; Pearson’s 
r = 0.00019, FDR = 0.0095). Taken in conjunction, the analyses of T cell 
clonotypes in tumours revealed that longer-term survivors showed 
concordance between TIL and PBMC expansion, suggesting that there 
were alterations in the T cell repertoire after CAN-3110 treatment in 

the patients who survived for longer. In at least one participant, there 
was suggestive evidence that tumour TCR expansion was unlikely to 
be against CAN-3110.

Tumour immune signatures are linked to survival
We next queried RNA transcriptomic signatures in paired pre- and 
post-treatment frozen tumours (to maximize isolation of high-quality 
RNA) from 14 IDHWTrGBMs (13 patients, 14 interventions). Notably, asso-
ciations between post-treatment immune signatures and survival were 
stronger when analysing samples from only HSV1-seropositive patients 
compared with when analysing samples from all patients (Fig. 5a–c and 
Extended Data Figs. 12 and 13). In fact, analysis in HSV1-seropositive 
patients showed 13 post-treatment immune signatures associated 
with survival (Fig. 5b,c and Extended Data Fig. 13b), whereas, when 
analyses were conducted with all patients (HSV1 seronegative and 
seropositive), there were only 7 post-treatment signatures associated 
with survival (Fig. 5b and Extended Data Fig. 12b). Notably, most of the 
immune signatures in HSV1-seropositive patients became associated 
with survival only after treatment with CAN-3110 (Fig. 5c). The time to 
tumour collection after treatment did not influence the post-treatment 
signature analyses (Extended Data Fig. 12c). When considered together 
with other data from this study (Fig. 5d), these results demonstrate 
that CAN-3110 instigates a highly inflammatory and immunologically 
activated tumour microenvironment in HSV1 serologically positive 
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Fig. 3 | CAN-3110 persistence in injected rHGG/rGBM is associated with 
negative HSV1 serological status either before or after therapy.  
a, oHSV-positive immunohistochemistry (IHC) images from two participants. 
Top, magnetic resonance imaging (MRI) images before and 41 days after CAN-
3110 injection (106 PFU) from patient 005. oHSV-positive immunohistochemistry 
was visualized in the large area of tumour necrosis. The area was also positive 
for oHSV DNA as determined using PCR and positive for ICP22 oHSV transcripts 
as determined using quantitative PCR with reverse transcription (RT–qPCR; 
data not shown). Bottom, MRI images from patient 028 before and 253 days 
after CAN-3110 injection (109 PFU). oHSV-positive immunohistochemistry 
images were visualized in the area of resected tumour necrosis; the positive 
status of ICP22 oHSV transcript was determined using RT–qPCR (data not 
shown). b, Participant 014 had multifocal GBMs in the left temporal and left 
occipital lobes. The left occipital lobe lesion was injected with 107 PFU of CAN-
3110. Post-mortem analyses were performed 252 days after injection. Top left, 

MRI scan before post-mortem brain collection, with the necrotic injected 
occipital lesion, shown in the grossly necrotic lesion (top middle), confirmed 
by histological haematoxylin and eosin (H&E) staining (top right). The  
CAN-3110 non-injected temporal-lobe post-mortem gross section (bottom 
left) exhibited oHSV positivity (bottom middle) and dense infiltrates of CD8+ 
T cells (bottom right). Extended Data Fig. 8 shows that this oHSV-positive focus 
was CAN-3110 and not reactivated latent wild-type HSV1 from this patient who 
was otherwise seronegative for HSV throughout the trial. c, HSV1 pathology 
staining in tumour tissue from patients with rGBM/rHGG (n = 28 interventions, 
27 patients) after CAN-3110 treatment relative to HSV1 serological status.  
d, The same data as in c, but with patients who were initially seropositive 
grouped with patients who seroconverted after treatment with CAN-3110. 
Focal/weak pathology staining was grouped with negative staining; and 
multifocal staining was grouped with positive staining. P values were calculated 
using two-sided Fisher’s exact tests. For a and b, scale bars, 100 µm.
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patients that persists beyond detectable HSV1 antigen and is signifi-
cantly correlated with post-treatment survival in a way that is not true 
of the pretreatment tumour immune state.

Discussion
In this first-in-human clinical trial of CAN-3110, HSV meningitis or 
encephalitis was not seen, despite ongoing CAN-3110 persistence/
replication for several months and maintenance of the ICP34.5 neuro-
virulence gene. All inflammatory responses remained confined to 
injected tumours and were not detected in the surrounding brain tis-
sue. This was true in HSV-seropositive and HSV-seronegative patients. 
Overall, CAN-3110 was well tolerated without dose-limiting toxicities.

A major challenge faced by solid tumour immunotherapy is to create 
a microenvironment that is favourable for an efficient immune response 
against cancer cells43. CD8+ cytotoxic and CD4+ helper T cells are impor-
tant by expressing effector programs against tumour antigens. More 
recently, public (for example, the same TCR sequence is shared between 
different individuals) T cell clones, some of which recognize shared 
viral antigens, have also been shown to traffic into tumours, and their 
function in cancer immunity is a subject of debate36. In this trial, we 
analysed a large majority of paired pre- and post-CAN-3110 rHGG/
rGBM tumours, with corresponding longitudinal PBMCs to show that 

(1) pre-existing HSV1-positive serology correlated with individuals 
who survived the longest after treatment with CAN-3110; (2) CAN-3110 
persisted in injected tumours, with almost half of assayed rHGGs still 
positive even months after a single timepoint injection, but persis-
tence was significantly associated with negative HSV1 serology; and 
(3) CAN-3110 led to quantitative increases in TILs in a large majority of 
assayed tumours. Furthermore, we showed for the subpopulation with 
IDHWT rGBM, for whom there were available paired tumour samples, 
(4) improved patient survival was correlated with changes in T cell 
clonotype metrics (elevated T cell clone frequency, increased TCRβ 
rearrangement diversity, decreased clonality in post-injection versus 
pre-injection tumours, and transcripts associated with immunologi-
cal effector programs, particularly in the individuals seropositive for 
HSV1); and (5) there were changes in specific public peripheral TCR clo-
notypes significantly associated with survival after CAN-3110 treatment. 
Taken together, positive HSV1 serology with the observed changes 
in T cell clonotypes, including public ones, results in a more effica-
cious immune response, characterizing individuals whose immune 
system is more ‘fit’ and who can mount a more effective antiviral and 
possibly antitumour immune response. Note that two of the longest 
survivors were treated with immune-checkpoint inhibition after their 
injected tumours were resected (see the swimmer plots of participant 
019 and 021 in Extended Data Fig. 3c,d), based on the post-injection 
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Fig. 4 | TCR clonotype analyses. a, The correlation between the change in 
tumour T cell fraction (after versus before CAN-3110 treatment) and survival 
after CAN-3110 treatment. The T cell fraction is the fraction of nucleated cells 
that are T cells on the basis of TCRβ DNA-seq analysis (see the ‘Definition of  
TCR based metrics’ section in the Supplementary Methods). b, The correlation 
between post-CAN-3110 tumour TCR productive entropy (Supplementary 
Methods) and survival. A higher entropy indicates a greater diversity of TCRβ 
rearrangements. n = 18 interventions and 17 patients. For a and b, three 
participants were excluded (two who survived longer than 1 year, and one who 
survived less than 1 year) with <200 ng of gDNA. n = 18 interventions and 17 
patients. Extended Data Fig. 9b,c shows analyses with all patients, regardless  

of the amount of gDNA collected. c, The correlation between the change in 
PBMC TCR clonotype fraction (after versus before CAN-3110 treatment) and 
survival after CAN-3110 treatment. n = 21 interventions and 20 patients.  
For a–c, Pearson’s r correlation coefficients and P values (two-sided, based  
on t-distribution) are shown above the plots. d, Kaplan–Meier survival analysis 
based on an increase (change > 0) or decrease (change < 0) in PBMC  
productive Simpson’s clonality (Supplementary Methods) after CAN-3110 
treatment. HRincreased = 2.79 (95% CI = 1.08–7.21), P = 0.034 (two-sided Cox 
proportional-hazard test). Higher clonality indicates a lower diversity of TCRβ 
rearrangements.
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finding of extensive TILs. We speculate that CAN-3110 inflamed 
the TME, possibly improving the efficacy of immune-checkpoint  
inhibition therapy.

The finding that positive HSV1 serology before or after CAN-
3110 treatment was a highly significant independent predictor of 
response was unexpected based on previously reported trials of other 
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Fig. 5 | Survival correlation between immune transcript signature programs 
in HSV1-seronegative and HSV1-seropositive patients. A total of 13 paired 
IDHWTrGBMs with good-quality RNA was analysed by bulk RNA transcriptomics. 
Transcriptomic signatures for different biological programs were estimated 
for each sample, and these signatures were assessed for correlation with 
survival after CAN-3110 treatment either in all patients or only in patients who 
were HSV1 seropositive before or after CAN-3110 treatment. a, Example of two 
immune signatures (antitumour cytokine and T cell signatures) that are strongly 
correlated with survival after CAN-3110 treatment when analysed in HSV1 
seropositive patients. Pearson’s r correlation coefficients and P values 
(two-sided, based on t-distribution) are shown above the plots. Importantly, 
these signatures did not appear to be significantly confounded by the tissue 
collection timepoint (Extended Data Fig. 12c). b, The change in Pearson’s 
correlation P (left) (two-sided, based on t-distribution) and r (right) values 
when correlations between post-treatment immune signatures and survival 
were performed in all patients (red points) or in only HSV1-seropositive patients 

(teal points). Only gene signatures that reached P ≤ 0.05 (dashed red line) in 
either analysis were plotted. DCs, dendritic cells; MDSCs, myeloid-derived 
suppressor cells; TH1, T helper 1. c, The change in Pearson’s correlation P (left) 
(two-sided, based on t-distribution) and r (right) values for pre-treatment (red 
points) and post-treatment (teal points) samples from HSV1-seropositive 
patients. This panel includes all of the analysed RNA-seq gene signatures.  
The dashed red line indicates P = 0.05. CAFs, cancer-associated fibroblasts; 
EMT, epithelial–mesenchymal transition; NK cells, natural killer cells;  
TAMM, tumour-associated monocyte/macrophage; Treg cells, regulatory 
T cells. d, Combined data for all of the patients in the study, including survival 
after CAN-3110 treatment, HSV1 serology, HSV1 tumour pathology, T cell 
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analysis due to early non-GBM mortality.
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oHSVs16,17,19,31. A recent study showed no correlation between HSV1 serol-
ogy in humans with GBM and survival44. We speculate that this finding 
may be specific to oncolytic viruses, based on the capacity of each 
oncolytic virus to replicate, persist and stimulate an innate and adap-
tive immune response. It may also be a factor related to sample size, 
at least for the brain tumour trials, as our trial had more participants. 
Note that the 22 participants (23 interventions) with IDHWT rGBM who 
were serologically positive for HSV1 before treatment with CAN-3110 
had a mOS of 14.2 months (95% CI = 9.5–15.7 months; Fig. 1c), which 
is higher than the historical mOS of 6–9 months. Further prospec-
tive validation of this discovery in the next phase of planned trials will 
determine whether HSV1 serology can be used as a selection criterion 
for the likelihood of response.

The observation that CAN-3110 was immunohistochemically 
detected in almost half of the injected tumours several months (and 
even years in some patients) and even in one uninjected tumour sug-
gests ongoing replication of the agent. Other oncolytic viruses, such 
as ICP34.5-defective oHSV, have rarely been found in injected human 
tumours, particularly after several weeks17,19–21,31,45–47, suggesting that 
CAN-3110 expression of ICP34.5 may enable persistence. We specu-
late that this persistence may increase infiltration of virus-specific 
TCR clones that could initially function in antitumour immunity in a 
bystander manner36, but could also begin to stimulate T cell responses 
against tumour antigen. Mouse brain tumour models do show that 
tumour infiltration of T cells against both tumour and viral antigens 
correlate with survival48. The significant association of HSV1 sero-
positivity with the absence of CAN-3110 antigen and transcripts in 
tumours after injection suggests that an initial humoral and probably 
adaptive antiviral immune response led to an improved antitumour 

response based on the survival data and on the finding that there were 
still increased CD8+ and CD4+ T cells and increased immunological 
transcriptional programs in tumours despite absent CAN-3110 in the 
longer-surviving patients (Fig. 6). Identification of the expansion 
of emergent TCRs, such as those in patient 014 who was seronega-
tive for HSV1 before and after CAN-3110 treatment, possibly suggest 
that oHSV therapy indeed promotes epitope spreading49, enabling 
expansion of T cell clones against tumour antigens. Future exten-
sive studies determining whether the TCRs that we discovered in 
injected tumours react to viral versus tumour antigens are underway  
(data not shown).

In summary, single-timepoint intralesional injection of rHGG/rGBM 
with CAN-3110 enriches the tumour microenvironment with TILs, induc-
ing defined changes in peripheral and tumour T cell repertoires and 
tumour transcriptomic signatures. These changes are particularly 
evident in patients who are seropositive for HSV1 and are associated 
with improved survival in this otherwise therapy-refractory cancer. 
These findings therefore provide human immunological and biologi-
cal evidence supporting intralesional oncolytic modalities to convert 
the immunosuppressive TME characteristic of many solid cancers 
into a TME that is more favourable to immunologic rejection of the 
tumour. We are now set to determine whether multiple-timepoint 
injections lead to further improvements in this therapy (ClinicalTrials.
gov: NCT03152318).
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Extended Data Fig. 1 | (related to Sub-heading, Safety of CAN-3110 in patients 
with rHGG/rGBM) Clinical trial design and treatment strategy. (a) Dose- 
escalation schema- Subjects with a previous diagnosis of rHGG (Glioblastoma, 
Grade IV or III astrocytoma or anaplastic astrocytoma, grade III anaplastic 
oligodendroglioma, including molecular grading with or without a mutation  
in IDH and with or without hypermethylation of the MGMT promoter) were 
eligible for the trial. At the time of stereotactic biopsy, the neuropathologist 
had to confirm that there was histologic evidence consistent with glioma to 
exclude inclusion of subjects with radiation necrosis and/or infection. The first 
9 cohorts of subjects underwent one stereotactic inoculation of CAN-3110 at a 
tumour site selected to be different from the antecedent biopsy site (to avoid 
blood contamination of the injectate) in a 3 + 3 dose-escalation design, starting 
from 106 pfus up to 1010 pfus in half-log increments. The biopsy and injections 
for each subject were carried out in an intraoperative MRI to visualize injections 
in gadolinium-enhancing tumour. The volume of injectate was 1 ml delivered 
over 5 min using the SmartFlow cannula (ClearPoint Neuro, Inc.) that minimizes 
reflux. When all 30 subjects in the first 9 cohorts were treated (September 2017- 
February 2020) without a dose limiting toxicity, the protocol was amended to 
include a tenth cohort of 12 subjects, where up to 5 regions of tumour were 

injected with a dose of 109 pfus divided into 1 to 5 mls based on tumour diameter 
(e.g., for each mm of tumour diameter, 1 ml of CAN-3110 was injected). No DLTs 
were encountered. Subjects in cohort 10 were accrued from June, 2020 until 
January, 2021. (b-c) Representative intraoperative MRIs during (b) and after (c) 
CAN-3110 injection. b: Subject 021 was positioned prone in the intraoperative 
MRI. The SmartFlow cannula is shown in the occipital area penetrating the skull 
through a drilled burr hole (white arrow). The T2 dark area shows the needle 
trajectory through the occipital and temporal lobe to reach the area of rGBM 
where the tip of the needle (yellow arrowhead) is placed for injection. The 
gadolinium-enhanced tumour was manually overlaid with purple colour.  
c: Representative intraoperative MRI (subject 002) showing the view from the 
intraoperative console after injection of CAN-3110 (106 pfus/1 ml). The T1 dark 
injectate is indicated by the blue and yellow cross-hatch, with the red dot 
showing where the tip of injection needle was after injection and needle removal, 
showing persistence of the injectate at site of injection with minimal reflux. 
The rGBM consisted of a bifrontal mass and the needle was inserted from the 
frontal vertex to reach an area of gadolinium-enhancement located in the 
inferior frontal lobe. The 3 images shown in the console are from the same brain 
section in coronal, sagittal and axial planes.



Extended Data Fig. 2 | (related to Sub-heading, Safety of CAN-3110 in patients 
with rHGG/rGBM) Genomic alterations in 34/41 subjects (42 separate 
interventions) in the CAN-3110 clinical trial. 34 rHGG/rGBM specimens 
underwent exome sequencing for the 18 genes shown on the left of the panel 
(PTEN, EGFR, etc). On the right side of the panel, the percentage of tumours 
expressing each genetic mutation is listed together with colour coded relative 
frequencies of specific types of genomic alteration (amplification, gain, etc). 

The top of the map displays a bar graph representation of tumour mutational 
burden (limited to these 18 genes), as well as indications of age, trial cohort, 
diagnosis at time of injection, and MGMT promoter methylation status for each 
patient included. To the far right of the figure, colour coding legends indicate 
designations for different types of genomic alteration, trial cohort, diagnosis, 
and MGMT promoter methylation status.



Article

Extended Data Fig. 3 | (related to Sub-Heading, HSV1 serology predicts 
efficacy). Trial Survival Outcomes. (a,b) Progression-free survival for the 
entire rHGG/rGBM group (a) and the 3 rHGG sub-groups divided by rGBM 
IDHwt, rAA IDHmut, and rAO IDH mutant (b), based on the 2021 WHO 
classification of central nervous system tumours5. (a) Kaplan Meier progression 
free survival (PFS) for all 41 subjects (42 interventions). Shaded region = 95% 
confidence interval of KM estimate of survival probability. The data is mature 
as of October 2022. The median PFS was 1.9 months (95% CI: 1.6 – 4.5). (b) Kaplan 
Meier PFS curves for 41 subjects, divided into rGBM IDH wild type (n = 32 subjects, 
33 interventions), rAA IDH mutant (n = 4), and rAO IDH mutant (n = 5). The 
median PFS were 1.9 (95% CI: 1.6 – 4.6), 0.9 (95% CI: 0.5 - Inf) and 9.0 months (95% 
CI: 4.5 - Inf), respectively. The PFS HR for rAO IDH mut was 0.30 (95% CI, 0.10 – 
0.86, p = 0.026 (CoxPH, 2-sided)) and PFS HR for rAA IDHmut was 2.63 (95% CI: 
0.91 – 7.65, CoxPH p = 0.075 (CoxPH, 2-sided)). (c, d) Swimmer plots for Cohorts 
1-9 (i.e., I-IX) (c) and Cohort 10 (i.e., X) (d). All 41 subjects’ (42 interventions, 
with subject 042/054 treated twice, 6 months apart) clinical course since day 0 

CAN-3110 injection time is shown. Cohort number and CAN-3110 dose are 
indicated on the far left, with next column showing each subject clinical trial ID. 
Months after CAN-3110 injection is shown below. After CAN-3110 injection, 
subjects were followed and when there was MRI evidence of progression or 
pseudoprogression with or without clinical deterioration, additional treatments 
were instituted including craniotomy and/or biopsy. All instituted treatments 
(bevacizumab, immune checkpoint inhibitors, carboplatin, temozolomide, 
reirradiation, lomustine, LITT, targeted inhibitors) have shown no benefit in 
this setting in advanced trials and were used for palliative purposes. Post-CAN- 
3110 treatments are shown in colour coding on the far right and time/duration 
of treatment is overlaid on the swimmer plot for each subject. Below each bar, 
colour coding for dexamethasone dosing and duration is shown for each 
subject. As of September 2022, there are 4 surviving subjects (032, 048,  
049, 051), 3 of which are IDH mutant anaplastic oligodendroglioma (1p/19q 
co-deleted) and one is IDH wt GBM (049).



Extended Data Fig. 4 | (related to Sub-Heading, HSV1 serology predicts 
efficacy) MRI imaging responses to CAN 3110. (a) Complete response in a 
multifocal GBM subject. Subject 007 (56 year old caucasian man, IDHwt GBM) 
had an initial right frontal GBM resected. After completion of standard of care 
radiochemotherapy, the right frontal lesion grew back and a second new lesion 
posterior and periventricular also appeared (Pre-operative MRI). The subject 
underwent injection of CAN-3110 (106 pfus in 1 ml) solely into the second new 
lesion (indicated by yellow arrow in MRI-guided CAN-3110 injection label). 
Serial MRIs on day 56, 111, 168, 220, 224 and 282 are shown. No other treatments 
and no dexamethasone were administered during this time, during which the 
patient experienced full time employment, travel and enjoyment from 
significant family events. At the 349 day mark, a new separate biopsy-proven 
recurrence in the right basal ganglia leading to a progressive hemiparesis and 
hemiplegia prompted the subject to seek hospice care and eventual demise.  
(b) Durable response in a right temporal GBM subject. Subject 021 (61 year old 
caucasian female, IDHwt GBM) had an initial GBM diagnosed 262 days (-d262) 

before CAN-3110 injection. After craniotomy and tumour resection (-d259), she 
underwent standard chemoradiation and then treatment with temozolomide 
for IDHwt GBM with methylated MGMT promoter. The tumour recurred (-d47) 
and she underwent a second subtotal resection (-d30), but because of visible 
rapid progression (-d14), she was enrolled in the CAN-3110 trial. On d0, she 
received single injection of 108 pfus (the MRI-compatible injection needle is 
indicated by the yellow arrow). On d91, MRI appeared to show progression and 
she was brought back to surgery for resection of the mass with postoperative 
MRI showing a gross total resection (d96). Histology and immunohistochemical 
staining showed a mixture of CD8+, CD4+, CD20+ lymphocytes and tumour 
(see Extended Data Fig. 6d, panels labelled with #21). The subject then 
remained tumour free for the next 630 days (d630), which was the time of her 
last MRI. Unfortunately, she passed as the passenger of a motor vehicle 
accident on d717. The subject’s personal story is shared in the supplementary 
video 1 with consent of her family.
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Extended Data Fig. 5 | (related to Sub-Heading, HSV1 serology predicts 
efficacy). (a) Comparative analyses of differential survival based on HSV1 
pre-operative (left panel) and post-operative (right panel) serology for the 31 
rGBM IDHwt subjects (32 interventions). P value from two-tailed Student’s 
t-test. (b) Kaplan-Meier survival curves for IDH mutant patients as divided by 

pre-treatment HSV1 serological status. Median OS months with 95% confidence 
intervals = rAA HSV1−: 3.5 [2.6 - Inf]; rAA HSV1+: 22.5 [-Inf - Inf]; rAO HSV1−: not 
reached; rAO HSV1+: 39.9 [20.1 - Inf]. Boxplot centre = median, box bounds = 
25th and 75th percentiles, whisker length = up to 1.5x inter-quartile range (IQR) or 
to minima/maxima (if <1.5x IQR distance from box).



Extended Data Fig. 6 | (related to Sub-heading, CAN-3110 increases T cells in 
tumours.) Representative immunohistochemistry (IHC) Images. (a) upper 
panel: Nestin IHC was carried out in a rGBM (IDHwt) resected 279 days after 
CAN-3110 injection (Subject 044, 1010 pfus in 1 ml); lower panel: Nectin-1/CD111 
was carried out in a rGBM (IDHwt) resected 253 days after CAN-3110 (Subject 
028, 109 pfu in 1 ml). (b) Time course of Nestin and Nectin-1 IHC. Subject 046 
(IDHmut astrocytoma) was injected on day 0. Because of an SAE consisting of 
multiple seizures 2 days after injection (Table 1b), he was treated with antivirals 
with resolution of the event. He was then brought back for re-resection twice 
showing both times persistence of both nestin and nectin-1 expression with 
tumour progression. Non tumour brain shows nestin expression peri-vascularly 
with no nectin-1 expression. (c) Representative example of CD8+ T cell 

immunohistochemistry (IHC) from Pre- and Post-CAN-3110 injected tumour. 
Subject 016 was injected with 3 × 107 PFUs of CAN-3110 and post-injection 
tumour was resected 24 days after injection due to MRI evidence of continued 
progression. Areas shown were relatively far from the area of injection.  
(d) Representative examples of perivascular CD3+ T cell accumulation from 3 
subjects (016, 019, 021) after CAN-3110 injection. Dose and time of post-injection 
tumour harvest are indicated for each. (e) Representative examples of 
perinecrotic accumulation of CD20+ B and CD8+ and CD4+ T cells from subject 
034. Zoomed images of regions outlined in red are shown in bottom right 
corner of respective plots. Scale bars are 25 µm (panel c), 100 µm (panels a, b, 
and d), and 500 µm (panel e).
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | (related to Sub-heading, CAN-3110 increases T cells  
in tumours). Quantitative IHC. IHC was performed by computer aided 
quantification of IHC stains (e.g., CD4, CD8, CD20) using slides scanned at 40X 
magnification using the Hamamatsu Nanozoomer S210. Using the Halo Image 
Analysis Sofware (PerkinElmer), 3 square regions of interest (approximately 
160,000 mm2 each) are averaged for each case in in areas of tumour and in 
uninvolved/reactive brain tissue if present, and quantities are normalized by 
tissue area (mm2). (a-c) Pathological assessments of CD8+, CD4+, and CD20+ 
TILs are not systematically confounded by collection timepoint. Post-treatment 
IHC based counts of CD8+ (a), CD4+ (b), and CD20+ (c) TILs plotted versus the 
time of post-treatment tissue collection for the same IDHwt rGBM patients 
plotted in Fig. 2c (note that patient 045 was excluded due to early non-GBM 
mortality). Pearson’s correlation coefficient r and p values (2-sided, based on 
t-distribution) are provided above each plot calculated either using all patients 
or using only patients which were HSV1 seropositive before or after treatment. 
When counts were available for multiple post-treatment timepoints for a patient, 
the timepoint with the highest number of CD4+ or CD8+ or CD20+ cells were 
chosen. (d,e) Quantitative IHC for CD8+, CD4+ T cells and CD20+ B cells for 
each patient as a function of time. For each subject, the number of CD8+, 
CD4+ T and CD20+ B cells/mm2 are plotted as a function of time after CAN-3110 
(i.e., when tumours underwent re-resection(s) and/or postmortem analyses 
after CAN-3110). Note that perinecrotic counts are not included here as they 
were only available for a few patients. n patients = 41. Kruskal-Wallis p = 0.33  
(all patients), p = 0.16 (HSV1 seronegative patients), p = 0.45 (HSV1 seropositive/
seroconverted patients) for CD8+. In (e), the same data is shown as in panel d 
but restricted to patients that have >1 post-treatment sample available (i.e., 

underwent more than 1 resection or had a resection and then also a postmortem 
analysis). n patients = 8. Kruskal-Wallis p = 0.39 (all patients), p = 0.30 (HSV1 
seronegative patients), p = 0.44 (HSV1 seropositive/seroconverted patients) 
for CD8+. (f-i) Multiplex fluorescent imaging (mIF) for myeloid cell populations 
in pre- and post-CAN-3110 rGBM IDHwt. Each 20x region of interest (ROI) is 
plotted as a black dot. The overlaying bar graph is the mean of the ROIs and the 
error bars represent the standard deviation. For panels g and i, the values 
represent the percentage of the macrophage populations (CD68+ for panel g 
and CD68+ CD163+ for panel i) that are positive for PD-L1 expression. For  
panel h, the values are the cell density, or number of positive cells per mm2 of 
CD68+ CD163+ double positive cells. (f) Representative mIF images of post-
treatment sample with quantified ROIs for comparison of solid tumour area 
and perinecrotic viral antigen positive tumour areas. Two subjects with pre-
post-treatment pairs were examined (subjects 044 and 028). Scale bar = 50 µm. 
(g) Quantification of PD-L1 expression on total macrophage/microglial 
population in tumour near necrotic positive CAN-3110 region. (044: n = 3 ROIs 
(pre), 3 ROIs (Tumour), 6 ROIs (Necrotic); 028: n = 6 ROIs (pre), 3 ROIs (Tumour), 
5 ROIs (Necrotic)) (h) post-treatment samples with CD163+ myeloid populations 
in both tumour and tumour-necrotic interface regions. Pre-treatment values 
are also shown. (044: n = 3 ROIs (pre), 3 ROIs (Tumour), 5 ROIs (Necrotic); 028: 
n = 6 ROIs (pre), 3 ROIs (Tumour), 5 ROIs (Necrotic)) (i) PD-L1 expression in 
CD163+ populations in perinecrotic interface regions. Pre-treatment values  
are also shown. DAPI blue nuclei enumeration, SOX2 white tumour nuclei 
enumeration, CD68 yellow pan-macrophage/microglia, CD163 orange 
macrophage/microglia. (044: n = 3 ROIs (pre), 3 ROIs (Tumour), 5 ROIs 
(Necrotic); 028: n = 6 ROIs (pre), 3 ROIs (Tumour), 5 ROIs (Necrotic)).
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Extended Data Fig. 8 | (Related to Sub-heading, Persistence is linked to 
seronegativity).Presence of CAN-3110 DNA in un-injected temporal lobe 
lesion of subject in Fig. 3b (8 months from injection in occipital lesion).  
(a) Schematic of CAN-3110 viral genomic DNA showing the location of primers 
for Nestin-Hsp68 relative to other transcriptional cassette elements. (b) Gel 
electrophoresis of the PCR products from genomic DNA extracted from FFPE 
of postmortem brain from subject 014. Primers for Nestin-Hsp68 amplified a 
PCR product of ~112 bps within the promoter/enhancer transcriptional 

cassette. WT HSV represents a negative control with viral genomic DNA from 
HSV1 strain 17+. CAN-3110 represents a positive control with CAN-3110 viral 
genomic DNA amplifying a strong band of ~112 bp in the Nestin-Hsp68 promoter 
PCR reaction. BA-19-036 is the temporal lobe tumour that was not injected with 
CAN-3110 but was IHC-positive for HSV antigen (see Fig. 3b). The uncropped 
version of this gel is shown in Supplementary Fig. 1. Each PCR reaction was run 
in triplicate. (c) Sequencing reactions of CAN-3110 control and BA-19-036 PCR 
products show sequence homology with the original CAN-3110 sequence map.



Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | (Related to Sub-Heading, T cell metrics are linked to 
survival). TCR clonotype analyses for IDHwt rGBM patients. (a) For the 
TCRβ DNAseq analysis of IDHwt patients (n = 21 interventions, 20 patients), 
Tumour T-cell fraction (left), productive T-cell entropy (middle), and productive 
T-cell Simpson Clonality (right) are not correlated with time from CAN-3110 
treatment to tissue collection. (b) The change in tumour T cell fraction (Post 
minus Pre-CAN-3110) from all 21 interventions was analysed as a function of 
subject survival after CAN-3110 in all subjects and in the HSV seropositive ones. 
Unlike Fig. 4a, no gDNA filter was applied. (c) The post-CAN-3110 tumour 
productive entropy for the same 21 interventions is analysed as a function of 
subject survival after CAN-3110. Unlike Fig. 4b, no gDNA filter was applied.  
(d) Differences in Tumour Productive Simpson Clonality Indices in T cell TCRs 
from paired rGBM (n = 21 interventions, 20 patients) in the LS (> 1-year post-
treatment survival) vs. SS (< 1-year post-treatment survival) patients as a 
function of CAN-3110 treatment. P value calculated using a Wilcoxon matched 
pairs signed rank test. (e) The change in productive entropy in TCRs from 
PBMCs for the same 21 tumour pairs is analysed as a function of subject survival 
after CAN-3110. Note that all panels omit patient 045 who had an early non-GBM 
mortality. (f) Comparison of post CAN-3110 survival time between pre- (left 

panel) or post- (right panel) CAN-3110 HSV1 serology positive (PRE: n = 23 
interventions, 22 patients, POST: n = 26 interventions, 25 patients) and negative 
(PRE: n = 9 patients, POST: n = 6 patients) rGBM IDHwt patients for whom paired 
samples were available (e.g., for samples analysed in other panels in this figure). 
P values shown from 2-tailed Student’s t-test. (g) Boxplot comparisons of tumour 
productive entropy values as grouped by timepoint (PRE or POST CAN-3110 
treatment) and pre-CAN-3110 HSV1 serology status (negative or positive).  
P values calculated using two-tailed Student’s t-test. Sample sizes for each group 
are as follows: 1) HSV1- POST = 7 patients; 2) HSV1 + POST = 14 interventions, 13 
patients; 3) HSV1- PRE = 7 patients; 4) HSV1 + PRE = 14 interventions, 13 patients. 
Note that all panels omit patient 045 due to early non-GBM mortality. (h-k) Bulk 
RNAseq of tumours injected with CAN-3110. Both total (h,i) and unique ( j,k) 
number of transcripts containing VDJ chain sequences were analysed before 
(n = 12 interventions, 11 patients) (h, j) or after (n = 15 interventions, 14 patients) 
(i, k) CAN-3110 and plotted against subject survival after CAN-3110. (a-c and e) 
Pearson’s correlation coefficient r and p values (two-sided, based on 
t-distribution) are provided above each plot. (h-k) Spearman’s correlation 
coefficient rho and p values (two-sided, based on t-distribution) are provided 
above each plot.



Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | (Related to Specific public T cells are linked to 
survival.) Public and Private TCR clonotypes in rGBM IDHwt (a, b), PBMCs 
(c, d) and combined (e, f). Jaccard Indices heatmaps (a, c, e) and Pearson’s 
correlation coefficient maps (b, d, f) are shown for amino acid-based shared 
(public) or unshared (private) TCRs between samples. For Jaccard maps (a, c, e), 
colour in box provides a gradient with white indicating no shared TCRs and 
increasing shades of blue indicating more shared TCRs between tumours. For 
(a-f) the top row denotes survival for each subject with the red bars denoting 
the SS (short survivors defined as survival <1-year post CAN-3110) and green 
bars the LS (long survival defined as survival >1-year post CAN-3110) subjects 
and the small y axis showing survival days. The right Y and X axes denote each 
subject with paired Pre- and Post-CAN-3110 rGBM IDHwt, ordered based on 
respective overall survival time. The number of private TCRs is shown in the bar 
graphs to the right of the heatmaps. For (b, d, f), each box represents a neutral 
(white), negative (red spectrum) or positive (blue spectrum) Pearson correlation 
coefficient between pre, post-CAN 3110 Tumour (a, b), PBMCs (c, d), or all 
combined (e, f). In TILs, there were 5 TCRs publicly shared amongst 4 patients, 

45 amongst 3 patients, and 792 between 2 patients. The remaining 41,756 
tumour TCRs were private (i.e., not shared between patients). Grey boxes 
denote no shared TCRs between samples. Asterisks inside boxes denote 
significant Pearson’s correlations p < 0.05, ** p < 0.01, *** p < 0.001 (2-sided, 
based on t-distribution). Note that 042 and 054 are the same individual treated 
at two different timepoints with CAN-3110. (g, h) PBMC TCRs for which post-
CAN-3110 change in productive frequency associates with post-CAN-3110 
survival (FDR ≤ 0.05 based on Pearson’s correlation p values calculated 2-sided 
using t-distribution) in rGBM IDHwt with available TCRβ sequences (n = 21 
interventions/20 patients). Patient 045 excluded due to early non-GBM related 
mortality. TCRβ sequences were included if present in PBMCs from 21 
interventions with a median read count of at least 2 pre- or post-CAN-3110. 
Pearson’s r, p (2-sided, based on t-distribution), and FDR are included in each 
plot. (g) CASSLGGNTEAFF37,38 was detected in the TIL TCRs of two patients post 
CAN-3110. (h) CASSSSTDTQYF39 was detected in the TIL TCRs of one patient pre 
CAN-3110.



Extended Data Fig. 11 | (Related to Changes in T cell repertoire). (a) Table of 
TIL TCRs which were either statistically enriched post-CAN-3110 in both tumour 
and PBMCs or statistically depleted post-CAN-3110 in both TILs and PBMCs 
from the same patient for rGBM IDHwt patients with available TCRβ sequencing 
data. Statistical enrichment/depletion was determined via Fisher’s Exact test 
with FDR correction on a per-patient basis. For TILs, FDR correction was applied 
across all detected TCRs. For PBMCs, FDR correction was applied only across 
TCRs that were statistically enriched/depleted in TILs and detected in PBMCs 
for that patient. The final column indicates whether the given TCR was reported 
in TCRdb (http://bioinfo.life.hust.edu.cn/TCRdb/#/) as of 11/04/2022. Further 
details of these TCR alterations are included in Supplementary Table 3.  
(b) Changes in Tumour and PBMC TCR repertoires were detected in long- 
survivors (post-CAN-3110 survival ≥ one-year post-CAN-3110) but not short- 

survivors (post-CAN-3110 survival <one-year post-CAN-3110) for rGBM IDHwt 
patients after CAN-3110. (c) TCR frequencies pre and post CAN-3110 for 
statistically expanded TIL TCRs (FDR ≤ 0.05) from patient 014, who was HSV1 
seronegative both before and after CAN-3110 treatment (see also Fig. 3b and 
Extended Data Fig. 8). FDR values are calculated as in panel a. (d) Correlation 
between post-treatment TCRBV09-01*01 usage and post-treatment survival in 
IDHwt rGBM patients (n = 21 interventions, 20 patients) (excluding 045 due to 
early non-GBM mortality). Pearson’s correlation coefficients r and p values 
(2-sided, based on t-distribution) are shown above the plot when calculated 
using all patients or using only HSV1 seropositive + seroconverted patients. 
FDR correction was performed using all V genes with a median usage > 0 in both 
pre- and post-treatment samples from these patients. GLM = Generalized 
Linear Model, FDR = False Discovery Rate.

http://bioinfo.life.hust.edu.cn/TCRdb/#/
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Extended Data Fig. 12 | (Related to Sub-heading Tumour immune signatures 
are linked to survival). Few post-treatment RNAseq immune signatures are 
associated with survival when analysed using all available patients. Bulk 
RNAseq immune signatures from paired pre- and post-treatment IDHwt rGBMs 
(n = 12 patients, 13 rGBMs) versus post CAN-3110 survival irrespective of HSV1 
serology. (a) Pre-treatment Signatures which were significantly correlated 
(p ≤ 0.05, 2-sided, based on t-distribution) with post-treatment survival via 
Pearson’s correlation when analysed using all available patients irrespective of 

HSV1 serology. (b) Post-treatment Signatures which were significantly 
correlated (p ≤ 0.05, 2-sided, based on t-distribution) with post-treatment 
survival via Pearson’s correlation when analysed using all available patients 
irrespective of HSV1 serology. Note that one patient (045) was excluded from 
these analyses due to early non-GBM mortality. (c) Post-treatment Signatures 
were not significantly correlated (based on Pearson’s r with 2-sided p values 
calculated via t-distribution) with time from CAN-3110 injection to 
post-treatment tissue collection.



Extended Data Fig. 13 | (Related to Sub-heading Tumour immune signatures 
are linked to survival). Many more post-treatment RNAseq immune 
signatures are associated with survival when analysed using only HSV1 
seropositive patients than when analysed using all patients. Bulk RNAseq 
immune signatures from paired pre- and post-treatment IDHwt rGBMs (n = 9 
patients, 10 rGBMs) versus post CAN-3110 survival when analysed using only 
HSV1 seropositive patients. (a) Pre-treatment Signatures which were 

significantly correlated (p ≤ 0.05, 2-sided, based on t-distribution) with 
post-treatment survival via Pearson’s correlation when analysed using all 
available patients irrespective of HSV1 serology. (b) Post-treatment Signatures 
which were significantly correlated (p ≤ 0.05, 2-sided, based on t-distribution) 
with post-treatment survival via Pearson’s correlation when analysed using all 
available patients irrespective of HSV1 serology. Note that one patient (045) 
was excluded from these analyses due to early non-GBM mortality.
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Extended Data Table 1 | Demographics of subjects in dose- 
escalation phase 1 trial of CAN-3110 (Arm A: Cohorts 1-9)

(related to Sub-heading, Safety of CAN-3110 in rHGG/rGBM patients) 
*One subject in cohort 9 (subject 042) was re-treated as part of cohort 10 (subject 054).  
See explanation in Supplemental Text.



Extended Data Table 2 | Demographics of subjects in 
dose-escalation phase 1 trial of CAN-3110 (Arm A: Cohort 10)

(related to Sub-heading, Safety of CAN-3110 in rHGG/rGBM patients) 
*One subject in cohort 9 (subject 042) was re-treated as part of cohort 10 (subject 054).  
See explanation in Supplemental Text.
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Extended Data Table 3 | Number of HGG recurrences at time of CAN-3110 accrual/HSV1 and HSV2 serology and blood 
biodistribution

(related to Sub-headings, Safety of CAN-3110 in rHGG/rGBM patients and to Sub-Heading, HSV1 serology predicts efficacy) 
*One subject in cohort 9 (subject 042) was re-treated as part of cohort 10 (subject 054). See explanation in Supplemental Text. †Multifocal staining pattern could be caused by tissue fragmentation.



Extended Data Table 4 | All treatment phase AEs (grade 1 or 2) reported to date possibly, likely or definitely related to CAN-3110

(related to Sub-heading, Safety of CAN-3110 in rHGG/rGBM patients). 
All grade 3 s are reported in Table 1.
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