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Variation in protection by BCG: implications of and for
heterologous immunity

Besides being the world’s most widely used vaccine, and
being directed against the world’s leading cause of
infectious disease mortality, BCG is the most

controversial vaccine in current use.1,2 Estimates of
protection imparted by BCG against pulmonary
tuberculosis vary from nil to 80%. This variability has
been attributed to strain variation in BCG preparations,
to genetic or nutritional differences between populations,
and to environmental influences such as sunlight
exposure, poor cold-chain maintenance, or exposure to
environmental mycobacterial infections. Evidence
accumulated to date indicates that regional differences in
environmental mycobacteria are responsible for much of
the variation observed between populations in the efficacy
of BCG against pulmonary tuberculosis. This paper
reviews the evidence, and notes its broader implications
for the epidemiology and control of mycobacterial
diseases as well as for other infections and vaccines.

Background
Formal evaluation of BCG vaccines began in the 1930s,
but it was not until the late 1950s that scientists became
aware of discordance between the various results. Striking
differences had emerged between a major trial in the UK
by the Medical Research Council, which showed more
than 75% protection, and trials by the US Public Health
Service in Georgia, Alabama, and Puerto Rico, which all
recorded less than 30% protection. The broad range of
estimates persisted in subsequent trials and other studies.’ 1
That geography might be relevant to these differences-

in particular, that BCG appeared to provide greater
protection at higher latitudes-was first recognised by
Palmer and colleagues, and led them to suggest that
exposure to certain environmental mycobacteria,
considered to be more common in warmer regions, might
have something to do with the trends.3 There are many
species of mycobacteria in the environment and
individuals exposed to these bacteria develop sensitivity to
them as detected by specific reactivity to skin tests with
antigens from various mycobacteria or by moderate levels
of non-specific reactivity to tuberculin. Palmer
hypothesised that exposure to these mycobacteria could
impart some protection against tuberculosis, and that
BCG could do little to improve upon such naturally
acquired protection.
The latitude trend led others to suggest that sunlight,

or poor vaccine storage conditions, or human genetic
factors might explain the apparent pattern. 1,2,4

Communicable Disease Epidemiology Unit, London School of
Hygiene and Tropical Medicine, London WC1E 7HT, UK
(Prof P E M Fine PhD)

An alternative view, espoused early by Hart, argued
that strain differences between BCG preparations were
responsible for most of the observed variation in efficacy.’
The fact that BCG vaccines produced by different
manufacturers were known to differ microbiologically lent
credence to this hypothesis. Though one cannot prove
that strain differences are not responsible for some of the
observed differences in efficacy,6 the fact that similar
vaccines perform very differently in different settings
indicates that this cannot be the entire explanation.
Prominent examples are provided by Glaxo freeze-dried
BCG, which gave good protection against tuberculosis in
England’ but not in Malawi,8 and by Danish BCG, which
performed well in the original British trial" but provided
very little protection in the South India/Chingleput trial. 10

Geographical evidence
Palmer’s original insight is updated in figure 1, which
summarises the efficacy of BCG vaccines against
pulmonary tuberculosis, by latitude. The trend is highly
significant (p<0-00001). A recent overview concluded
that latitude could explain 41% of the variance between
published studies."
Data on geographic patterns of environmental

mycobacteria are less extensive but show a tendency
towards higher prevalence at lower latitudes. Thus
prevalence of skin test reactivity to PPD-B (antigen from
Mycobacterium avium-intracellulare, "Battey bacillus") in
Alaska is very low;’2 skin test surveys of naval recruits and
nurses from the USA have shown much higher prevalence
of sensitivity in the southeast than in the northern states;’3
and studies of natural waters in eastern North America
have found M avium-intracellulare to be more common in
the south than in the north. 14 Several surveys in the
tropics have found high prevalences: for example, 90% of
individuals 10-14 years of age, and 95% of older
individuals in the South India/Chingleput trial area were
strongly positive to PPD-B.’&deg;
Two caveats are necessary. First, latitude correlates with

many ecological characteristics, such as temperature,
humidity, soil type, and vegetation, each of which will
influence environmental microflora-but for none of
which will the correlation with latitude be perfect. We
may, for example, expect important differences by
elevation, or between urban and rural areas. Several
studies have found the prevalence of non-specific
tuberculin sensitivity (attributed to exposure to

environmental mycobacteria) to be higher in rural than in
urban areas within the same region.13,I5,16 The prevalence
of non-specific tuberculin sensitivity was higher and the
observed efficacy of BCG was lower (18% vs 42%) in the
rural than in the urban populations in the Puerto Rico
vaccine trial, the only one to compare such groups. 15 In
addition, figure 1 reveals that most of the very low efficacy
estimates from lower latitudes come from studies in rural
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Figure 1. BCG and all-cause mortality. 

  

ES = effect size (hazard ratio, rate ratio or risk ratio; odds ratio for the case-control study). NR = not reported. 

Deaths/Children = (BCG deaths + Non-BCG deaths)/Total children or Total deaths/Total children 

In the two cohort studies with ‘None’ as adjustment for confounding, we computed unadjusted rate ratios from rates presented in the paper. 

Vaccine efficacy is computed as (1 – ES) × 100%. A non-negative number describes the proportion of deaths prevented by the vaccine. A negative number reflects a higher death rate among the vaccinated. For example, if vaccine efficacy = -100%, then an additional 100% of the deaths that would 

have occurred without vaccine would occur with the vaccine. 

Guinea-Bissau 2002-2008 (early): early phase of the trial stopped prematurely because of faulty randomization procedure in one of the centres; Guinea-Bissau 2002-2008 (main): main trial report with larger sample size. 

*Subseq. DTP: what proportion of children were likely to receive DTP during the period of observation. Subseq. MCV:  what proportion of children were likely to receive measles vaccine during the period of observation. [cens] means this event was censored in the analysis].  

SS = sometimes given simultaneously with DTP; OS = often given simultaneously with DTP 

**This is the period of observation applicable to the result presented in the forest plot, aiming to capture the effect of BCG with minimal impact of subsequent vaccinations. The full study may have had a longer period of follow up. 
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M A J O R A R T I C L E

Nonspecific (Heterologous) Protection of
Neonatal BCG Vaccination Against
Hospitalization Due to Respiratory Infection
and Sepsis

María José de Castro,1 Jacobo Pardo-Seco,2,3 and Federico Martinón-Torres1,2
1Translational Pediatrics and Infectious Diseases Section, Pediatrics Department, Hospital Clínico Universitario de Santiago de Compostela, Santiago de
Compostela, 2Grupo de Investigación en Genética, Vacunas, Infecciones y Pediatría (GENVIP), Instituto de Investigación Sanitaria de Santiago (IDIS),
Santiago de Compostela, La Coruña, and 3Unidad de Genética, Instituto de Ciencias Forenses y Departamento de Anatomía Patológica y Ciencias Forenses,
Facultad de Medicina, Universidad de Santiago de Compostela, Galicia, Spain

(See the Editorial Commentary by Iglesias and Martin on pages 1620–1.)

Background. Bacille Calmette-Guerin (BCG) vaccination has been suggested to have nonspecific beneficial ef-
fects in children from developing countries, reducing morbidity and mortality caused by unrelated pathogens.

Objective. We aimed to assess the heterologous protective effects of BCG vaccination against respiratory infec-
tion (RI) and sepsis not attributable to tuberculosis in children born in Spain.

Methods. We conducted a retrospective epidemiological study using data from the Official Spanish Registry of
Hospitalizations (CMBD-HA) to identify differences in hospitalization rates (HR) in BCG-vaccinated children (Bas-
que Country, where neonatal BCG is part of the immunization schedule and has a 100% coverage) as compared to
non-BCG-vaccinated children (from the rest of Spain, where BCG is not used).

Results. A total of 464 611 hospitalization episodes from 1992 to 2011 were analyzed. The HR due to RI not
attributable to tuberculosis in BCG-vaccinated children was significant lower compared to non-BCG-vaccinated chil-
dren for all age groups, with a total preventive fraction (PF) of 41.4% (95% confidence interval: 40.3–42.5; P-
value <.001). According to age group, PF was 32.4% (30.9–33.9; P-value <.001) for children under 1 year old,
60.1% (58.5–61.7; P-value <.001) for children between 1 and 4 years old, 66.6% (62.8–70.2; P-value <.001) for chil-
dren between 5 and 9 years old, and 69.6% (63.3–75.0; P-value <.001) for children between 10 and 14 years old. The
HR due to sepsis not attributable to tuberculosis in BCG-vaccinated children under 1 year of age was also signifi-
cantly lower, with a PF of 52.8% (43.8–60.7; P-value <.001).

Conclusions. BCG vaccination at birth may decrease hospitalization due to RI and sepsis not related to tuber-
culosis through heterologous protection.

Keywords. BCG vaccination; nonspecific effects; heterologous effects; children.

The Bacille Calmette-Guerin (BCG) vaccine is one of
the most widely used childhood immunizations [1],

particularly in developing countries where tuberculosis
is a leading cause of human disease and death. The
BCG vaccine has a documented protective effect against
meningitis and miliary tuberculosis in pediatric patients
[2], but in recent years the scientific community has
drawn attention to its heterologous (ie, nonspecific) pro-
tective effects [3].These include risk reductions in cancer
[4], allergy [5], infections caused by different pathogens
[6], and overall childhood mortality [7], as the immune
nonspecific effects seem tobemoremarked inyounger in-
dividuals [8]. Nevertheless, the incidence of tuberculosis
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por sepsis

found for sepsis and children under 1 year of age (95% CI,
33.8% 15.2, 48.3; P-value = .001). No differences in the child
mortality rate were observed between the BC and the neighbor-
ing regions for any age group (Figure 4B).

This same comparison was performed between the BC and
nearby coastal regions (Galicia, Cantabria, and Asturias) with
similar findings (see Table 3).

DISCUSSION

To the best of our knowledge, the present population-based sur-
vey over a 15-year time period is the first epidemiological study
to test the heterologous protective effects of neonatal BCG vac-
cination against nontuberculous infections in children from a
developed country. In particular, our study shows that neonatal

Figure 2. Hospitalization rate due to sepsis not attributable to tuberculosis in the Basque Country (solid line) vs the rest of Spain (A) and neighboring
regions (B), both plotted with dashed lines. Colors indicate different age groups: red for infants under 1 year of age, green for infants 1–4 years of age, blue
for infants 5–9 years of age, purple for infants 10–14 years of age, and black for the whole population.

Figure 3. Hospitalization rate due to tuberculosis infection in the Basque Country (solid line) vs the rest of Spain (A) and neighboring regions (B), both
plotted with dashed lines. Colors indicate different age groups: green for infants 1–4 years of age, blue for infants 5–9 years of age, purple for infants 10–14
years of age, and black for the whole population.
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were 81 (1.1%) records for the BC. More than 85% of ad-
missions due to this cause occurred in children older than
1 year of age.
In the BC, HR related to tuberculosis were significantly

lower than in the rest of Spain, with a total PF of 74.0%
(95% CI, 67.6–79.4; P-value <.001) for the studied pediatric
population. According to age groups, HR showed a significant
decrease for all children older than 1 year of age in the BC
compared to the rest of Spain, with a PF of 77.6% (95% CI,
68.3–84.7; P-value <.001) for children between 1 and 4 years
old; 75.3% (95%CI, 60.8–85.4; P-value <.001) for children be-
tween 5 and 9 years old and 61.4% (95% CI, 42.4–75.4; P-
value <.001) for children between 10 and 14 years old.

– Child mortality rate (Figure 4A)
A total of 10 707 deaths in children under 15 years old

were retrieved; 417 (3.9%) of which took place in the BC.

No differences in child mortality rates were observed be-
tween the BC and the rest of Spain for any age group.

Analysis of the BC vs Frontier Regions
In order to confirm the previous results and to avoid possible
biases related to the geographic distribution and/or environ-
mental influence on the epidemiology of the assessed patholo-
gies, a comparison between the BC and the neighboring regions
(Cantabria, Navarra, and La Rioja) was also performed. Results
are shown in Figures 1B, 2B, 3B, and 4B.

In the BC, HR related to respiratory infection not attributable
to tuberculosis (Figure 1B), and tuberculosis disease (Figure 3B)
were significantly lower than in the neighboring regions, with
total PF of 36.9% (95% CI, 35.2–38.5; P-value <.001), and
79.9% (95% CI, 74.2–84.5; P-value = .019), respectively, for
the studied pediatric population statistical difference has been

Table 4. Comparison of Hospitalization Rates (1/100 000) Due to Different Pathologies and Child Decease Rates (1/100 000) for Different
Age Groups and Regions From 1997 to 2011

RI Sepsis TI CM

BC FR SR SP BC FR SR SP BC FR SR SP BC FR SR SP

0 2968.1 3760.2 5255.2 4329.5 46 71.9 220.4 10.7 2.5 14 S.R. 13 43.5 47.6 40.3 45.1
1–4 217.1 344.4 580.4 542.7 8.9 7.4 24.1 2.7 3 10.7 21.1 13.3 11 11.3 10.2 11.4
5–9 25.3 47.3 86.1 75.7 2.9 2.4 5.2 1.8 1.4 4.7 21.9 5.7 6.7 7.3 7.9 7.3
10–14 8.5 22.2 29.0 28 1.5 1.9 2.6 11.1 1.8 4.3 8.6 4.8 7.1 7.5 8.7 8.1
Total 280.7 382.5 520.4 477.8 7.1 8.5 22.8 97.4 2.1 6.9 5.7 7.9 10.6 11.3 10.9 11.3

Abbreviations: BC, Basque Country; CM, child mortality; FR, frontier regions; RI, respiratory infections; SP, Spain; SR, sea-side nearby regions; TI, tuberculosis
infection.

Figure 1. Hospitalization rate due to upper and lower viral respiratory tract infection in the Basque Country (solid line) vs the rest of Spain (A) and
neighboring regions (B), both plotted with dashed lines. Colors indicate different age groups: red for infants under 1 year of age, green for infants 1–4
years of age, blue for infants 5–9 years of age, purple for infants 10–14 years of age, and black for the whole population.
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found for sepsis and children under 1 year of age (95% CI,
33.8% 15.2, 48.3; P-value = .001). No differences in the child
mortality rate were observed between the BC and the neighbor-
ing regions for any age group (Figure 4B).

This same comparison was performed between the BC and
nearby coastal regions (Galicia, Cantabria, and Asturias) with
similar findings (see Table 3).

DISCUSSION

To the best of our knowledge, the present population-based sur-
vey over a 15-year time period is the first epidemiological study
to test the heterologous protective effects of neonatal BCG vac-
cination against nontuberculous infections in children from a
developed country. In particular, our study shows that neonatal

Figure 2. Hospitalization rate due to sepsis not attributable to tuberculosis in the Basque Country (solid line) vs the rest of Spain (A) and neighboring
regions (B), both plotted with dashed lines. Colors indicate different age groups: red for infants under 1 year of age, green for infants 1–4 years of age, blue
for infants 5–9 years of age, purple for infants 10–14 years of age, and black for the whole population.

Figure 3. Hospitalization rate due to tuberculosis infection in the Basque Country (solid line) vs the rest of Spain (A) and neighboring regions (B), both
plotted with dashed lines. Colors indicate different age groups: green for infants 1–4 years of age, blue for infants 5–9 years of age, purple for infants 10–14
years of age, and black for the whole population.
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BCG vaccination might have an additional protective effect
against moderate to severe forms of RI and sespsis requiring
hospitalization.

BCG vaccination was part of the national immunization in
Spain until 1982, when this standard practice was withdrawn
and routine BCG vaccination no longer recommended. Since
then, this vaccine is only administered to all neonates in the
BC, with an uptake rate of almost 95% (http://www.msssi.gob.
es/profesionales/saludPublica/prevPromocion/vacunaciones/
coberturas.htm). This situation has led to a unique scenario
that allows the assessment of differential immunization
practices regarding the use of BCG. It should be noted that,
except for BCG, the immunization schedule is the same
in all of the different administrative regions, following the
Interterritorial Council recommended immunizations for
Spain (https://www.msssi.gob.es/ciudadanos/proteccionSalud/
infancia/vacunaciones), which includes the administration
of hepatitis B, tetanus and diphtheria toxoids and acellular
pertussis, haemophilus influenzae type b (Hib), inactivated-
poliovirus, measles, mumps, and rubella and meningococcal
C antigens. In addition, all regions have almost the same rate
of vaccination coverage, ranging from 90% to 100% depending
on the age / antigen [Statistical data – vaccine uptake]. (https://
www.msssi.gob.es/profesionales/saludPublica/prevPromocion/
vacunaciones/coberturas.htm). On account of this, except for
the BCG vaccination, there are not known differences in the na-
tional immunization schedule composition and vaccine uptake
between the BC and the rest of Spanish regions that may explain
the findings.

Furthermore, in order to control for the possible influence of
environmental or geographic factors in the results, we conduct-
ed an additional analysis of the BC data as compared to the sur-
rounding regions and the findings were the same.

As expected, the HR due to tuberculosis disease were on aver-
age 74% lower in the BC than in the rest of Spain in general, and
also, specifically, lower than in neighboring or nearby coastal re-
gions of the BC. Most strikingly, the data show an average 40%
decrease in HR due to any respiratory tract infection and a 36%
decrease in sepsis HR in children of the BC compared to the rest
of Spain. The epidemiological differences tend to dilute with age,
more clearly in sepsis admission, suggesting a time-limited im-
pact of this benefit of BCG vaccination. An alternative explana-
tion for this finding may be the fact that the number of
hospitalization episodes for the selected pathologies was smaller
with age and, thus, the power of our study to find significant dif-
ferences in older children may be lower.

Epidemiological studies and randomized trials in Africa have
shown that the BCG vaccine reduces child mortality [17, 18],
mainly by preventing neonatal sepsis and RI not attributable to
tuberculosis [19, 20]. Our results show the same reduction in
RI (irrespective of age) and sepsis (during the first year of life).
However, no differences in child survival were observed. As mor-
tality (both overall, and specifically attributable to sepsis and RI)
is significantly lower in Spain (and developed countries in gene-
ral) compared to Africa, there is no sufficient statistical power to
detect variation in this setting. This means that a potential differ-
ence in mortality is possible but may remain undetected as the
size of the effect would be small.

Figure 4. Death rates in the Basque Country (solid line) vs the rest of Spain (A) and neighboring regions (B), both plotted with dashed lines. Colors indicate
different age groups: red for infants under 1 year of age, green for infants 1–4 years of age, blue for infants 5–9 years of age, purple for infants 10–14 years
of age, and black the whole population.
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“Trained immunity”

Efectos heterólogos y BGC: ¿Por qué?
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Aumento de lactato dosis dependiente

Fig 2. MTBVAC induces trained immunity through modulation of glycolysis and glutaminolysis. (A) Lactate production by human monocytes 6 days
after 24h-stimulation with different concentrations of MTBVAC or BCG Pasteur with or without antibiotic in the medium (n = 6–9; pooled from 2–3
independent experiments). (B) Basal and maximum (Max) oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of monocytes were
determined 6 days after 24h-stimulation with Č-glucan or MTBVAC by extracellular flux measurements (mean ± SEM, n = 6; pooled from 2 independent
experiments). ⇤p<0.05, Wilcoxon signed-rank test, compared to the control group unless otherwise stated. (C) IL-6 and TNFċ produced by human monocytes
pretreated with oligomycin or BPTES and subsequently trained with MTBVAC, or Č-glucan for 24 h and restimulated with LPS 6 days later. Mean ± SEM,
n = 6; pooled from 2 independent experiments with 3 individual donors each. ⇤p<0.05, Wilcoxon signed-rank test, compared to the control group. BG: Č-
glucan; FCCP: Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone. w/o Ab: without antibiotic (gentamicin); ctrl: control group.

https://doi.org/10.1371/journal.ppat.1008404.g002

PLOS PATHOGENS MTBVAC induces trained immunity.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008404 April 2, 2020 5 / 18

Tarancón R , et al. PLoS Pathog, 2020
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immune system (Fig 5). Overall, our results confirm that MTBVAC presents comparable
trained immunity-inducting capacities than a BCG strain employed in human vaccination.

MTBVAC confers unspecific protection against lethal pneumonia

Trained immunity has been suggested to be responsible for the non-specific protection against
heterologous pathogens conferred by some vaccines, including BCG. To assess whether this is
the case also for MTBVAC, we administered either vaccine or saline control to C57BL/6 mice,
and 9 weeks later we delivered intranasally a lethal challenge of Streptococcus pneumoniae (Fig
6A). Our results showed that 60% of the vaccinated mice survived at the end of the experiment,
whereas in the non-vaccinated group all the animals died. Analysis of bacterial levels in blood
indicated absence of live bacteria in the surviving animals (Fig 6B), suggesting that MTBVAC-
induced sterilizing immunity against S. pneumoniae. As a result of MTBVAC vaccination,

Fig 3. MTBVAC enhances accumulation of H3K4me3 at the promoters of IL-6 and TNFċ. (A-B) After 6 days of culture,
H3K4me3 marks were assessed at the level of promoters of TNFΑ and IL6 with two different pairs of primers each. Cells were
pre-treated with BPTES (A) or MTA (B). Mean ± SEM, n = 6; pooled from 2 independent experiments with 3 individual
donors each. ⇤p<0.05, Wilcoxon signed-rank test, compared to the control group; ctrl: control group.
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trained immunity upregulates glycolytic pathways in human monocytes, we found that
MTBVAC increased the production of lactate by these cells to levels comparable with those
induced by stimulation with Č-glucan, the gold standard for in vitro trained immunity induc-
tion (Fig 2A and S4A Fig). In addition, using the Seahorse technology to assess the bioener-
getic profiles of the cells [23], we observed a moderate increase in the oxygen consumption
rate (OCR), and extracellular acidification rate (ECAR), confirming an enhanced metabolic
activity in the human monocytes exposed to MTBVAC (Fig 2B). Previous research has shown
that trained immunity in monocytes relies on the induction of glutaminolysis and oxidative
phosphorylation [24]. Glutaminolysis consists of the conversion of the amino acid glutamine
into ċ-ketoglutarate, which gets in the mitochondria and enters TCA cycle, fueling oxidative
phosphorylation and increasing ATP formation [12,25]. We confirmed the relevance of these

Fig 1. MTBVAC stimulation enhances cytokine production and trained immunity in humanmonocytes. (A) IL-1Č, IL-6, TNFċ and IL-10 production by
human monocytes 24 h after stimulation with different concentrations of MTBVAC. (B) IL-1Č, IL-6, TNFċ and IL-10 production by humanmonocytes 24 h
after stimulation with MTBVAC or BCG Pasteur, with or without antibiotic in the medium. (C) IL-6 and TNFċ produced by human monocytes stimulated
with MTBVAC or BCG Pasteur for 24 h and restimulated with LPS 6 days later following the depicted scheme. Mean ± SEM, n = 6–9 (from 6 different
individual donors); pooled from 2–3 independent experiments with 3 individual donors each. ⇤p<0.05, Wilcoxon signed-rank test, compared to the control
group unless otherwise stated. Concentration numbers refer to MOI (multiplicity of infection; ratio MTBVAC or BCG Pasteur per monocyte). w/o Ab: without
antibiotic (gentamicin); ns: not significant; ctrl: control group.

https://doi.org/10.1371/journal.ppat.1008404.g001
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pneumococcal pneumonia was efficiently controlled, abrogating bacterial replication and dis-
semination in the host, contributing to reduce the severity and mortality of the invasive disease
process.

Discussion

There is an urgent need to increase and improve the repertoire of effective vaccines against
TB. Even though there are a number of TB vaccines currently being tested in clinical trials, the
only licensed TB vaccine in use today is BCG, an attenuated form ofM. bovis which has been
in use since the early 20th century. BCG protects against disseminated forms of TB, but it is
much less effective against pulmonary TB, the form responsible for the transmission and
spreading of the disease. Therefore, it is crucial to find new vaccination strategies that afford
protection against this form of TB. In this regard MTBVAC, a live attenuated vaccine based on
M. tuberculosis, is a reliable candidate for vaccination, with similar safety and bio-distribution
profiles as BCG, but containing a much larger repertoire of epitopes recognized by human
cells, including several antigens that are missing in BCG [8,9].

However, before a new prime vaccine could replace BCG in public health programs, an
important issue needs to be addressed. A growing body of scientific literature has proven that
BCG vaccination is able to induce a series of heterologous protective effects against other non-
TB related infections, especially neonatal sepsis and respiratory tract infections [13]. These
non-specific effects of BCG vaccination rely on the induction of trained immunity, a process
through which the cells of the innate immune system undergo metabolic and epigenetic repro-
gramming that allow for an increased responsiveness against immunogenic stimuli [31]. In
this study we show that the live attenuated vaccine MTBVAC is able to activate pro-inflamma-
tory cytokines and trigger long-term reprogramming of innate immune cells at levels

Fig 4. Vaccination with MTBVAC enhances cytokine production after secondary heterologous stimulation. (A) Protocol
of vaccination with BCG or MTBVAC and restimulation with LPS. (B) IL-1Č, IL-6 and TNFċ in circulating serum frommice
subject to the protocol described in (A). Mean ± SEM, n = 7 (from 7 different mice). ⇤p<0.05, Mann-Whitney test, compared
to the control group (non-vaccinated). nd: non-detectable.

https://doi.org/10.1371/journal.ppat.1008404.g004
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Arts. et al described that the induction of trained immunity by BCG in monocytes relies on
glutaminolysis, leading to accumulation of the TCA cycle metabolite fumarate, that in turn
inhibits the H3K4 demethylase KDM5 [12]. We validate here these findings by showing that
the induction of trained immunity by MTBVAC relies on the induction of glutaminolysis, and
that the inhibition of this pathway impairs trained immunity in human monocytes. The sec-
ond pillar of the induction of trained immunity is the deposition of epigenetic marks on the
promoter regions of pro-inflammatory genes involved in the induction of innate immune
responses [34]. In line with this, treatment with MTBVAC led to a greatly increased presence

Fig 6. Vaccination with MTBVAC protects against pneumococcal pneumonia. (A) Protocol of vaccination with BCG or MTBVAC and subsequent infection
with S. pneumoniae. (B) Survival of mice subcutaneously (SC) vaccinated with 106 CFU of MTBVAC (blue squares) or placebo as lethal control (red circles) and
infected by the intranasal route with 1×104 CFU of serotype 3 of S. pneumoniae. (C) Bacterial levels in blood at 24 h, 48 h and 72 h of the lethal control and
MTBVAC vaccinated group. ⇤⇤p<0.01, Log-rank (Mantel-Cox test) for the survival experiment. ⇤p<0.05 or ⇤⇤p<0.01 by two-tailed Student’s t test; CT lethal:
control lethal.

https://doi.org/10.1371/journal.ppat.1008404.g006
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1. ¿Existen mejores escalas de predicción 
clínica?

2. ¿Las escalas clínicas son suficientes para 
iniciar tratamiento antibiótico?

3. ¿Son suficientes para indicar pruebas 
microbiológicas?

4. ¿Existen nuevas pruebas de diagnóstico 
microbiológico?

5. ¿Se mantienen amoxicilina y penicilina como 
antibióticos de primera elección?

6. ¿Se siguen recomendando en pautas de 1 o 
2 dosis al día?

7. ¿Se mantiene la recomendación de 10 días 
de tratamiento antibiótico?

8. ¿Se mantienen las recomendaciones de 
tratamiento en alérgicos a penicilina?

9. ¿Se mantienen el tratamiento en fracaso 
bacteriológico y estado de colonización?

10. ¿Actitud en menores de 3 años?

Piñeiro Pérez R, et al.  An Pediatr (Barc), 2020



2. ¿Las escalas clínicas son suficientes para iniciar tratamiento 
antibiótico?

No
Piñeiro Pérez R, et al.  An Pediatr (Barc), 2020
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Tabla  1  Sistema  de  calificación  de  la  Infectious  Diseases  Society  of  America  y  de  la  US  Public  Health  Service  para  establecer
recomendaciones  en  guías  clínicas

Fuerza  de  la  recomendación

A.→  Buena  evidencia  para  sostener  una  recomendación  a  favor  o  en  contra  del  uso
B.→ Evidencia  moderada  para  sostener  una  recomendación  a  favor  o  en  contra  del uso
C.→ Poca  evidencia  para  sostener  una  recomendación
Calidad  de la  evidencia

I.→  Evidencia  de  uno  o  más  ensayos  controlados  debidamente  aleatorizados
II.→ Evidencia  de  uno  o  más ensayos  clínicos  bien  diseñados,  sin  aleatorización,  de  estudios  analíticos  con  cohorte  o
controlados  por  caso  (preferentemente  de  más  de  un centro),  de series  múltiples  reiteradas  o  de  resultados  considerables
de experimentos  no controlados
III.→  Evidencia  de  opiniones  de  autoridades  respetadas  basadas  en  experiencia  clínica,  estudios  descriptivos  o informes  de
comités de  expertos

Tabla  2  Escalas  clínicas  de  predicción  en  la  faringoamigdalitis  aguda  por  estreptococo  beta-hemolítico  del grupo  A  (EbhGA)

Criterios  clínicos  Centor  McIsaac  FeverPAIN

Fiebre  >  38 ◦C +1  +1  +1
Ausencia de  tos +1  +1
Ausencia  de  tos  o  coriza +1
Exudado  amigdalar +1  +1
Inflamación o exudado
amigdalar

+1

Inflamación  amigdalar
importante

+1

Adenopatías
laterocervicales  dolorosas

+1  +1

Edad
• 3-  <  15  años
•  15-  <  45  años
•  ≥  45  años

+1
0
−1

Visita  rápida  al  médico
(≤  3  días)

+1

Puntuación  Puntuación  Puntuación
Probabilidad estimada  de
cultivo  positivo  para  EbhGA

0:  2,5%
1:  6-6,9%
2:  14,1-16,6%
3:  30,1-34,1%
4:  55,7%

0:  1-2,5%
1: 5-10%
2: 11-17%
3: 28-35%
≥ 4:  51-53%

0-1:  13-18%
2-3:  34-40%
4-5:  62-65%

considerarse  para  iniciar  antibioterapia  empírica.  Se  ha
comprobado  que,  sin  prueba  microbiológica,  experimenta-
dos  profesionales  equivocan  el  diagnóstico  clínico  de FAA
estreptocócica  hasta  en  un 20-25%  de  pacientes11.

Como  excepción7,  la  guía  NICE  sigue  recomendado  ini-
ciar  la antibioterapia  de  forma  inmediata  o  diferida  para
pacientes  con  4-5  puntos  en la escala  FeverPAIN  o  3-4  en  la
de  Centor.  Pero  la  probabilidad  de que  la  FAA  sea estreptocó-
cica para  máximas  puntuaciones  en dichas  escalas  es <  66%.
En  el mejor  de los casos,  tratar  en  base  a  estos  criterios
sería  inadecuado  en  uno  de  cada  3 niños.  Por  ello,  práctica-
mente  todas  las  guías  pediátricas  de  países  desarrollados  no
recomiendan  utilizar  escalas  para  iniciar  antibioterapia.

En  conclusión,  en  niños  y  adolescentes,  las  escalas  de
predicción  clínica  para  el  diagnóstico  de  FAA  estreptocócica
no  son  lo  bastante  sensibles  ni específicas  para  eliminar  la
necesidad  de realizar  estudios  microbiológicos  y no deben

ser  utilizadas  de  forma  exclusiva  para tomar  la decisión  de
instaurar  antibioterapia  empírica.

Pregunta  3. ¿Son  suficientes  estas  escalas  de
predicción  clínica para  seleccionar  a  qué  pacientes
debemos solicitar  pruebas  microbiológicas?

Los  estudios  en los  que  se sustentan  algunas  de  las
escalas  más  conocidas  tienen  limitaciones  metodológicas
que  podrían  cuestionar  sus  resultados3,4,12. Otros  estudios
muestran  inconsistencia  entre  los  valores  crecientes  de pun-
tuación  y la positividad  de  las  pruebas  microbiológicas13,14.
Por  todo  ello,  y  en  base  a  la  evidencia  disponible,  no  es
posible  llegar  a una  conclusión  definitiva  sobre la  utilidad
de  las  escalas  de  predicción  clínica  para  la selección  de los
pacientes  a  quienes  realizar  las  pruebas  microbiológicas.

2. ¿Las escalas clínicas son suficientes para iniciar tratamiento 
antibiótico?

Cómo  citar  este  artículo:  Piñeiro  Pérez  R,  et al.  Actualización  del  documento  de  consenso  sobre el  diagnóstico  y trata-
miento  de  la  faringoamigdalitis  aguda.  An  Pediatr  (Barc).  2020.  https://doi.org/10.1016/j.anpedi.2020.05.004

ARTICLE IN PRESS
+Model

ANPEDI-2862; No. of Pages 8

Actualización  en  el  diagnóstico  y  tratamiento  de  la faringoamigdalitis  aguda  3

Tabla  1  Sistema  de  calificación  de  la  Infectious  Diseases  Society  of  America  y  de  la  US  Public  Health  Service  para  establecer
recomendaciones  en  guías  clínicas

Fuerza  de  la  recomendación

A.→  Buena  evidencia  para  sostener  una  recomendación  a  favor  o  en  contra  del  uso
B.→ Evidencia  moderada  para  sostener  una  recomendación  a  favor  o  en  contra  del uso
C.→ Poca  evidencia  para  sostener  una  recomendación
Calidad  de la  evidencia

I.→  Evidencia  de  uno  o  más  ensayos  controlados  debidamente  aleatorizados
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Tabla  2  Escalas  clínicas  de  predicción  en  la  faringoamigdalitis  aguda  por  estreptococo  beta-hemolítico  del grupo  A  (EbhGA)

Criterios  clínicos  Centor  McIsaac  FeverPAIN

Fiebre  >  38 ◦C +1  +1  +1
Ausencia de  tos +1  +1
Ausencia  de  tos  o  coriza +1
Exudado  amigdalar +1  +1
Inflamación o exudado
amigdalar

+1

Inflamación  amigdalar
importante

+1

Adenopatías
laterocervicales  dolorosas

+1  +1

Edad
• 3-  <  15  años
•  15-  <  45  años
•  ≥  45  años

+1
0
−1

Visita  rápida  al  médico
(≤  3  días)

+1

Puntuación  Puntuación  Puntuación
Probabilidad estimada  de
cultivo  positivo  para  EbhGA

0:  2,5%
1:  6-6,9%
2:  14,1-16,6%
3:  30,1-34,1%
4:  55,7%

0:  1-2,5%
1: 5-10%
2: 11-17%
3: 28-35%
≥ 4:  51-53%

0-1:  13-18%
2-3:  34-40%
4-5:  62-65%

considerarse  para  iniciar  antibioterapia  empírica.  Se  ha
comprobado  que,  sin  prueba  microbiológica,  experimenta-
dos  profesionales  equivocan  el  diagnóstico  clínico  de FAA
estreptocócica  hasta  en  un 20-25%  de  pacientes11.

Como  excepción7,  la  guía  NICE  sigue  recomendado  ini-
ciar  la antibioterapia  de  forma  inmediata  o  diferida  para
pacientes  con  4-5  puntos  en la escala  FeverPAIN  o  3-4  en  la
de  Centor.  Pero  la  probabilidad  de que  la  FAA  sea estreptocó-
cica para  máximas  puntuaciones  en dichas  escalas  es <  66%.
En  el mejor  de los casos,  tratar  en  base  a  estos  criterios
sería  inadecuado  en  uno  de  cada  3 niños.  Por  ello,  práctica-
mente  todas  las  guías  pediátricas  de  países  desarrollados  no
recomiendan  utilizar  escalas  para  iniciar  antibioterapia.

En  conclusión,  en  niños  y  adolescentes,  las  escalas  de
predicción  clínica  para  el  diagnóstico  de  FAA  estreptocócica
no  son  lo  bastante  sensibles  ni específicas  para  eliminar  la
necesidad  de realizar  estudios  microbiológicos  y no deben

ser  utilizadas  de  forma  exclusiva  para tomar  la decisión  de
instaurar  antibioterapia  empírica.

Pregunta  3. ¿Son  suficientes  estas  escalas  de
predicción  clínica para  seleccionar  a  qué  pacientes
debemos solicitar  pruebas  microbiológicas?

Los  estudios  en los  que  se sustentan  algunas  de  las
escalas  más  conocidas  tienen  limitaciones  metodológicas
que  podrían  cuestionar  sus  resultados3,4,12. Otros  estudios
muestran  inconsistencia  entre  los  valores  crecientes  de pun-
tuación  y la positividad  de  las  pruebas  microbiológicas13,14.
Por  todo  ello,  y  en  base  a  la  evidencia  disponible,  no  es
posible  llegar  a una  conclusión  definitiva  sobre la  utilidad
de  las  escalas  de  predicción  clínica  para  la selección  de los
pacientes  a  quienes  realizar  las  pruebas  microbiológicas.

Cómo  citar  este  artículo:  Piñeiro  Pérez  R,  et al.  Actualización  del  documento  de  consenso  sobre el  diagnóstico  y trata-
miento  de  la  faringoamigdalitis  aguda.  An  Pediatr  (Barc).  2020.  https://doi.org/10.1016/j.anpedi.2020.05.004

ARTICLE IN PRESS
+Model

ANPEDI-2862; No. of Pages 8

Actualización  en  el  diagnóstico  y  tratamiento  de  la faringoamigdalitis  aguda  3

Tabla  1  Sistema  de  calificación  de  la  Infectious  Diseases  Society  of  America  y  de  la  US  Public  Health  Service  para  establecer
recomendaciones  en  guías  clínicas

Fuerza  de  la  recomendación

A.→  Buena  evidencia  para  sostener  una  recomendación  a  favor  o  en  contra  del  uso
B.→ Evidencia  moderada  para  sostener  una  recomendación  a  favor  o  en  contra  del uso
C.→ Poca  evidencia  para  sostener  una  recomendación
Calidad  de la  evidencia

I.→  Evidencia  de  uno  o  más  ensayos  controlados  debidamente  aleatorizados
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que  podrían  cuestionar  sus  resultados3,4,12. Otros  estudios
muestran  inconsistencia  entre  los  valores  crecientes  de pun-
tuación  y la positividad  de  las  pruebas  microbiológicas13,14.
Por  todo  ello,  y  en  base  a  la  evidencia  disponible,  no  es
posible  llegar  a una  conclusión  definitiva  sobre la  utilidad
de  las  escalas  de  predicción  clínica  para  la selección  de los
pacientes  a  quienes  realizar  las  pruebas  microbiológicas.

Piñeiro Pérez R, et al.  An Pediatr (Barc), 2020



2. ¿Las escalas clínicas son suficientes para iniciar tratamiento 
antibiótico?
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Cómo  citar  este  artículo:  Piñeiro  Pérez  R,  et al.  Actualización  del  documento  de consenso  sobre el  diagnóstico  y trata-
miento  de  la  faringoamigdalitis  aguda.  An  Pediatr  (Barc).  2020.  https://doi.org/10.1016/j.anpedi.2020.05.004

ARTICLE IN PRESS
+Model

ANPEDI-2862; No. of Pages 8

Actualización  en  el  diagnóstico  y  tratamiento  de la faringoamigdalitis  aguda  3

Tabla  1  Sistema  de  calificación  de  la  Infectious  Diseases  Society  of  America  y  de  la  US  Public  Health  Service  para  establecer
recomendaciones  en  guías  clínicas

Fuerza  de  la  recomendación

A.→  Buena  evidencia  para  sostener  una  recomendación  a  favor  o  en  contra  del  uso
B.→ Evidencia  moderada  para  sostener  una  recomendación  a  favor  o  en  contra  del uso
C.→ Poca  evidencia  para  sostener  una  recomendación
Calidad  de la  evidencia

I.→  Evidencia  de  uno  o  más  ensayos  controlados  debidamente  aleatorizados
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Sí
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Global Cancer Statistics 2018
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FIGURE 4. Pie Charts Present the Distribution of Cases and Deaths for the 10 Most Common Cancers in 2018 for (A) Both Sexes, (B)  
Males, and (C) Females. For each sex, the area of the pie chart reflects the proportion of the total number of cases or deaths;  
nonmelanoma skin cancers are included in the “other” category. Source: GLOBOCAN 2018.
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Zhang et al. Stem Cell-Based Lung Cancer Vaccination

FIGURE 1 | Antigenically relevant lung cancer cells can be derived from

murine iPSCs. (A) H&E staining of tissues derived after LSL-KRASG12D/+;

LSL-Trp53R172H/+ iPSCs were subcutaneously injected into nude mice to form

teratoma. (B) Schematic of the protocol employed for stepwise differentiation

of LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs to lung cancer cells. (C)

Immunofluorescence images to examine expression of markers indicative of

stages of induction of lung progenitor cells from iPSC. DAPI was used to stain

for nuclear content. (D) Morphology of WT-KP iPSCs, embryoid bodies,

anterior foregut endoderm, lung progenitors, and KP-LC. On the 10th day of

lung progenitors, cells displayed structures akin to lung buds. Tubular

structures could be observed at the 4th generation after infection of Ad5-Cre.

Without the infection of Ad5-Cre, lung progenitors gradually became

senescent. After serial passage post-infection of Ad5-Cre, cells transformed to

lung cancer cells. (E) Subcutaneous tumor growth curve of KP littermates

bearing KP-LC, KPL 160302S, and KPL 160424S tumors with the initial dose

of 2 × 106 cells/ mouse. Mean ± SEM is shown. N = 7/group. H&E staining of

subcutaneous tumors at day 21 is shown beneath the growth curve. (F)

Indicated cell lines were subjected to RNA deep sequencing and a

transcriptome expression correlation matrix, based on 15,687 filtered genes,

was generated.

Figure S1E). Scratch assays to examine in vitro invasion of cells
demonstrated that over 90% of the wound of KPL 160424S
cells, from an advanced lung cancer model, healed 16 h after
scratch. At the same time point, the wound in KPL 160302S cells,
which came from an early stage lung cancer model, demonstrated
healing at <20% and KP-LC cells showed a 40% heal from
scratch (Figure S1F). Both KP-LC and KPL 160302S were able
to form colonies in the soft agar (Figure S1G) and plate colony
formation assay (Figure S1H). Most importantly, analysis of the
transcriptome of KP-LC cells demonstrated a high similarity
between KP-LC cells derived from iPSCs and the cell lines derived
from the transgenic mouse model (KPL 160302S and KPL
160424S) (Figure 1F). KP-LC cells had the highest similarity with
KPL 160302S which came from the early stage lung cancer model
(91%), followed by KPL 160424S which came from the advanced
lung cancer model (84%). We speculate that KP-LC derived
from iPSC retained more neoantigens/tumor-associated antigens
similar to cells from early staged lung cancer model because it
had not been screened by the immune system. Similarity between
KP-LC and untransformed iPSCs (WT iPSC derived from KPC
transgenic mice with wild-type KRAS and p53 or WT-KP iPSCs
derived from littermate mice with stable insertion of KRASG12D

and p53R172H) was lower, demonstrating the limitations of
vaccination strategies based on the use of unmodified iPSCs
as previously reported (22). Cancer associated genes such as
MageE1, Morc2b, Morc4, Cage1, Brdt, IL13ra1, were expressed at
significantly higher levels in KP-LC thanWT-iPSCs (Figure S2A)
and these genes were enriched in several pathways associated
with cancer, including the PI3K-Akt signaling pathway, cancer
proteoglycans, the Ras signaling pathway, cancer associated
MicroRNAs, the Rap1 signaling pathway, HTLV-1 infection,
the MAPK signaling pathway and ECM-receptor interactions
(Figure S2C). Furthermore, when compared to KPC or KP-AC
iPSCs, which were derived in the same way, using the same
driver mutations, but induced to pancreatic lineage tumor cells,
and TB11381 cells derived from the transgenic pancreatic cancer
model with the same driver mutations, concordance was low.
This demonstrates that the lineage specific genetic and epigenetic
profiles and not the driver mutation per se drive the accumulation
of neo-antigens or/and tumor-associated antigens (Figure 1F).

Oncolytic Viruses Can Successfully Infect
and Express Viral Proteins in KP-LC Cells
Lack of immunogenicity plays a central role in therapeutic tumor
vaccine failure, thus provision of an effective adjuvant is critical
for inducing robust anti-tumor immune activity, even within
the pre-malignant environment. Virus-infected cell vaccines,
whereby tumor cells are pre-infected with replicating tumor
tropic virus prior to delivery as a vaccine, has previously been
shown to induce strong anti-tumor immune reactions (23),
and we have demonstrated that replicating oncolytic Vaccinia
virus (VV) and Adenovirus (AdV) can induce the necessary
danger signals and inflammatory environment required for anti-
tumor immune induction (10). To validate their use in a lung
cancer vaccination regime, we investigated the ability of VV
and AdV to replicate in and kill iPSC-derived KP-LC cells in
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LSL-Trp53R172H/+ iPSCs were subcutaneously injected into nude mice to form

teratoma. (B) Schematic of the protocol employed for stepwise differentiation

of LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs to lung cancer cells. (C)

Immunofluorescence images to examine expression of markers indicative of

stages of induction of lung progenitor cells from iPSC. DAPI was used to stain

for nuclear content. (D) Morphology of WT-KP iPSCs, embryoid bodies,

anterior foregut endoderm, lung progenitors, and KP-LC. On the 10th day of

lung progenitors, cells displayed structures akin to lung buds. Tubular

structures could be observed at the 4th generation after infection of Ad5-Cre.

Without the infection of Ad5-Cre, lung progenitors gradually became

senescent. After serial passage post-infection of Ad5-Cre, cells transformed to

lung cancer cells. (E) Subcutaneous tumor growth curve of KP littermates

bearing KP-LC, KPL 160302S, and KPL 160424S tumors with the initial dose

of 2 × 106 cells/ mouse. Mean ± SEM is shown. N = 7/group. H&E staining of

subcutaneous tumors at day 21 is shown beneath the growth curve. (F)

Indicated cell lines were subjected to RNA deep sequencing and a

transcriptome expression correlation matrix, based on 15,687 filtered genes,

was generated.

Figure S1E). Scratch assays to examine in vitro invasion of cells
demonstrated that over 90% of the wound of KPL 160424S
cells, from an advanced lung cancer model, healed 16 h after
scratch. At the same time point, the wound in KPL 160302S cells,
which came from an early stage lung cancer model, demonstrated
healing at <20% and KP-LC cells showed a 40% heal from
scratch (Figure S1F). Both KP-LC and KPL 160302S were able
to form colonies in the soft agar (Figure S1G) and plate colony
formation assay (Figure S1H). Most importantly, analysis of the
transcriptome of KP-LC cells demonstrated a high similarity
between KP-LC cells derived from iPSCs and the cell lines derived
from the transgenic mouse model (KPL 160302S and KPL
160424S) (Figure 1F). KP-LC cells had the highest similarity with
KPL 160302S which came from the early stage lung cancer model
(91%), followed by KPL 160424S which came from the advanced
lung cancer model (84%). We speculate that KP-LC derived
from iPSC retained more neoantigens/tumor-associated antigens
similar to cells from early staged lung cancer model because it
had not been screened by the immune system. Similarity between
KP-LC and untransformed iPSCs (WT iPSC derived from KPC
transgenic mice with wild-type KRAS and p53 or WT-KP iPSCs
derived from littermate mice with stable insertion of KRASG12D

and p53R172H) was lower, demonstrating the limitations of
vaccination strategies based on the use of unmodified iPSCs
as previously reported (22). Cancer associated genes such as
MageE1, Morc2b, Morc4, Cage1, Brdt, IL13ra1, were expressed at
significantly higher levels in KP-LC thanWT-iPSCs (Figure S2A)
and these genes were enriched in several pathways associated
with cancer, including the PI3K-Akt signaling pathway, cancer
proteoglycans, the Ras signaling pathway, cancer associated
MicroRNAs, the Rap1 signaling pathway, HTLV-1 infection,
the MAPK signaling pathway and ECM-receptor interactions
(Figure S2C). Furthermore, when compared to KPC or KP-AC
iPSCs, which were derived in the same way, using the same
driver mutations, but induced to pancreatic lineage tumor cells,
and TB11381 cells derived from the transgenic pancreatic cancer
model with the same driver mutations, concordance was low.
This demonstrates that the lineage specific genetic and epigenetic
profiles and not the driver mutation per se drive the accumulation
of neo-antigens or/and tumor-associated antigens (Figure 1F).

Oncolytic Viruses Can Successfully Infect
and Express Viral Proteins in KP-LC Cells
Lack of immunogenicity plays a central role in therapeutic tumor
vaccine failure, thus provision of an effective adjuvant is critical
for inducing robust anti-tumor immune activity, even within
the pre-malignant environment. Virus-infected cell vaccines,
whereby tumor cells are pre-infected with replicating tumor
tropic virus prior to delivery as a vaccine, has previously been
shown to induce strong anti-tumor immune reactions (23),
and we have demonstrated that replicating oncolytic Vaccinia
virus (VV) and Adenovirus (AdV) can induce the necessary
danger signals and inflammatory environment required for anti-
tumor immune induction (10). To validate their use in a lung
cancer vaccination regime, we investigated the ability of VV
and AdV to replicate in and kill iPSC-derived KP-LC cells in
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FIGURE 1 | Antigenically relevant lung cancer cells can be derived from

murine iPSCs. (A) H&E staining of tissues derived after LSL-KRASG12D/+;

LSL-Trp53R172H/+ iPSCs were subcutaneously injected into nude mice to form

teratoma. (B) Schematic of the protocol employed for stepwise differentiation

of LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs to lung cancer cells. (C)

Immunofluorescence images to examine expression of markers indicative of

stages of induction of lung progenitor cells from iPSC. DAPI was used to stain

for nuclear content. (D) Morphology of WT-KP iPSCs, embryoid bodies,

anterior foregut endoderm, lung progenitors, and KP-LC. On the 10th day of

lung progenitors, cells displayed structures akin to lung buds. Tubular

structures could be observed at the 4th generation after infection of Ad5-Cre.

Without the infection of Ad5-Cre, lung progenitors gradually became

senescent. After serial passage post-infection of Ad5-Cre, cells transformed to

lung cancer cells. (E) Subcutaneous tumor growth curve of KP littermates

bearing KP-LC, KPL 160302S, and KPL 160424S tumors with the initial dose

of 2 × 106 cells/ mouse. Mean ± SEM is shown. N = 7/group. H&E staining of

subcutaneous tumors at day 21 is shown beneath the growth curve. (F)

Indicated cell lines were subjected to RNA deep sequencing and a

transcriptome expression correlation matrix, based on 15,687 filtered genes,

was generated.

Figure S1E). Scratch assays to examine in vitro invasion of cells
demonstrated that over 90% of the wound of KPL 160424S
cells, from an advanced lung cancer model, healed 16 h after
scratch. At the same time point, the wound in KPL 160302S cells,
which came from an early stage lung cancer model, demonstrated
healing at <20% and KP-LC cells showed a 40% heal from
scratch (Figure S1F). Both KP-LC and KPL 160302S were able
to form colonies in the soft agar (Figure S1G) and plate colony
formation assay (Figure S1H). Most importantly, analysis of the
transcriptome of KP-LC cells demonstrated a high similarity
between KP-LC cells derived from iPSCs and the cell lines derived
from the transgenic mouse model (KPL 160302S and KPL
160424S) (Figure 1F). KP-LC cells had the highest similarity with
KPL 160302S which came from the early stage lung cancer model
(91%), followed by KPL 160424S which came from the advanced
lung cancer model (84%). We speculate that KP-LC derived
from iPSC retained more neoantigens/tumor-associated antigens
similar to cells from early staged lung cancer model because it
had not been screened by the immune system. Similarity between
KP-LC and untransformed iPSCs (WT iPSC derived from KPC
transgenic mice with wild-type KRAS and p53 or WT-KP iPSCs
derived from littermate mice with stable insertion of KRASG12D

and p53R172H) was lower, demonstrating the limitations of
vaccination strategies based on the use of unmodified iPSCs
as previously reported (22). Cancer associated genes such as
MageE1, Morc2b, Morc4, Cage1, Brdt, IL13ra1, were expressed at
significantly higher levels in KP-LC thanWT-iPSCs (Figure S2A)
and these genes were enriched in several pathways associated
with cancer, including the PI3K-Akt signaling pathway, cancer
proteoglycans, the Ras signaling pathway, cancer associated
MicroRNAs, the Rap1 signaling pathway, HTLV-1 infection,
the MAPK signaling pathway and ECM-receptor interactions
(Figure S2C). Furthermore, when compared to KPC or KP-AC
iPSCs, which were derived in the same way, using the same
driver mutations, but induced to pancreatic lineage tumor cells,
and TB11381 cells derived from the transgenic pancreatic cancer
model with the same driver mutations, concordance was low.
This demonstrates that the lineage specific genetic and epigenetic
profiles and not the driver mutation per se drive the accumulation
of neo-antigens or/and tumor-associated antigens (Figure 1F).

Oncolytic Viruses Can Successfully Infect
and Express Viral Proteins in KP-LC Cells
Lack of immunogenicity plays a central role in therapeutic tumor
vaccine failure, thus provision of an effective adjuvant is critical
for inducing robust anti-tumor immune activity, even within
the pre-malignant environment. Virus-infected cell vaccines,
whereby tumor cells are pre-infected with replicating tumor
tropic virus prior to delivery as a vaccine, has previously been
shown to induce strong anti-tumor immune reactions (23),
and we have demonstrated that replicating oncolytic Vaccinia
virus (VV) and Adenovirus (AdV) can induce the necessary
danger signals and inflammatory environment required for anti-
tumor immune induction (10). To validate their use in a lung
cancer vaccination regime, we investigated the ability of VV
and AdV to replicate in and kill iPSC-derived KP-LC cells in
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FIGURE 2 | AdV and VV can infect and replicate in transformed iPSCs and mitomycin-C treatment inhibits ongoing replication and tumor cell proliferation. (A)

Cytotoxicity of Ad5 or VV on iPSC-derived KP-LC cells and KPL 160302S lung tumor cells. Cell death was determined by MTS assay 144 h post-infection. Mean

EC50 values ± SEM are shown. (B) Production of infectious Ad5 or VV virions in KP-LC cells. Cells were infected with virus and were untreated or treated with

mitomycin C. Mean viral replication ± SEM was determined at 24 h intervals for 96 h by TCID50 assay. JH293 cells for Ad5 or CV1 cells for VVL15-RFP. (C) Cell

proliferation of KP-LC cells after infection and mitomycin-C treatment was determined using MTS assay at 24 and 72 h post-mitomycin C treatment. Mean OD490nm

values ± SEM are shown. n = 3/group. (D) Cell proliferation of KP-LC cells after infection and mitomycin-C treatment was determined by cell counting at 48 and 96 h

post-mitomycin C treatment. n = 3/group. (E) Plate colony formation of KP-LC cells after infection and mitomycin-C treatment. (F) Viral protein expression was

determined in KP-LC or KPL 160302S cells at 24 and 72 h post-infection +/– mitomycin C treatment of cells. Anti-E1A was used to confirm AdV protein expression.

Anti-VV coat protein was used to confirm VV protein expression. GAPDH was used as a loading control. **p < 0.01 and ***p < 0.001.
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FIGURE 2 | AdV and VV can infect and replicate in transformed iPSCs and mitomycin-C treatment inhibits ongoing replication and tumor cell proliferation. (A)

Cytotoxicity of Ad5 or VV on iPSC-derived KP-LC cells and KPL 160302S lung tumor cells. Cell death was determined by MTS assay 144 h post-infection. Mean

EC50 values ± SEM are shown. (B) Production of infectious Ad5 or VV virions in KP-LC cells. Cells were infected with virus and were untreated or treated with

mitomycin C. Mean viral replication ± SEM was determined at 24 h intervals for 96 h by TCID50 assay. JH293 cells for Ad5 or CV1 cells for VVL15-RFP. (C) Cell

proliferation of KP-LC cells after infection and mitomycin-C treatment was determined using MTS assay at 24 and 72 h post-mitomycin C treatment. Mean OD490nm

values ± SEM are shown. n = 3/group. (D) Cell proliferation of KP-LC cells after infection and mitomycin-C treatment was determined by cell counting at 48 and 96 h

post-mitomycin C treatment. n = 3/group. (E) Plate colony formation of KP-LC cells after infection and mitomycin-C treatment. (F) Viral protein expression was

determined in KP-LC or KPL 160302S cells at 24 and 72 h post-infection +/– mitomycin C treatment of cells. Anti-E1A was used to confirm AdV protein expression.

Anti-VV coat protein was used to confirm VV protein expression. GAPDH was used as a loading control. **p < 0.01 and ***p < 0.001.
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FIGURE 2 | AdV and VV can infect and replicate in transformed iPSCs and mitomycin-C treatment inhibits ongoing replication and tumor cell proliferation. (A)

Cytotoxicity of Ad5 or VV on iPSC-derived KP-LC cells and KPL 160302S lung tumor cells. Cell death was determined by MTS assay 144 h post-infection. Mean

EC50 values ± SEM are shown. (B) Production of infectious Ad5 or VV virions in KP-LC cells. Cells were infected with virus and were untreated or treated with

mitomycin C. Mean viral replication ± SEM was determined at 24 h intervals for 96 h by TCID50 assay. JH293 cells for Ad5 or CV1 cells for VVL15-RFP. (C) Cell

proliferation of KP-LC cells after infection and mitomycin-C treatment was determined using MTS assay at 24 and 72 h post-mitomycin C treatment. Mean OD490nm

values ± SEM are shown. n = 3/group. (D) Cell proliferation of KP-LC cells after infection and mitomycin-C treatment was determined by cell counting at 48 and 96 h

post-mitomycin C treatment. n = 3/group. (E) Plate colony formation of KP-LC cells after infection and mitomycin-C treatment. (F) Viral protein expression was

determined in KP-LC or KPL 160302S cells at 24 and 72 h post-infection +/– mitomycin C treatment of cells. Anti-E1A was used to confirm AdV protein expression.

Anti-VV coat protein was used to confirm VV protein expression. GAPDH was used as a loading control. **p < 0.01 and ***p < 0.001.
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FIGURE 3 | A KP-LC VIReST immunization regime can protect against tumor

growth in a subcutaneous lung cancer model. (A) KP littermates were

immunized with AdV-infected KP-LC cells, followed by a booster immunization

using VV-infected KP-LC cells 4 weeks later. Two weeks after boost, mice

were challenged using 2 × 106 KPL 160302S or KPL 160424S cells. (B) Mice

were treated using the regime shown in (A) and KPL 160302S tumor growth

monitored. Mean subcutaneous tumor sizes ± SEM are shown for each group

and compared using a 2-way ANOVA with Bonferroni post-hoc testing (n =

7/group). (C) Representative images of immuno-histochemical staining for

CD8+ and CD4+ T cells in subcutaneous tumors derived from (B) 24 days

post-inoculation. (D,E) Lymphocytes were counted in 10 high power fields

(HPFs) randomly selected from each group. Mean ± SEM are shown for each

group of CD8+ T cells (D) or CD4+ T cells (E) and compared using an

independent T-test. (F) KP littermates (K+/+, PLSL−R172H/+) immunized as in

(A) were re-challenged using KPL 160424S tumor cells (n = 7/group). Mean

subcutaneous tumor sizes ± SEM are shown for each group and compared

using a 2-way ANOVA with Bonferroni post-hoc testing. (G) Representative

images of immuno-histochemical staining for CD8+ and CD4+ T cells in

subcutaneous tumors derived from (F) 31 days post-inoculation. (H,I)

Lymphocytes were counted in 10 HPFs randomly selected from each group of

CD8+ T cells (H) or CD4+ T cells (I). Mean ± SEM are shown for each group

and compared using an independent T-test. *p < 0.05, **p < 0.01, and

***p < 0.001.

disease onset and mortality in this model compared to treatment
with PBS, increasing median survival time by 17% (Figure 5C
and Figure S4). Furthermore, KPL 160302S vaccination also
protected this model, increasing median survival time by 21%,
but vaccination using KPL 160424S cells did not have a protective
function (Figure 5C and Figure S4). This difference may be
attributed to the fact that KP-LC and KPL 160302S had a
higher similarity at the transcriptome level (Figure 1F) and
elicited similar immune responses (Figures 4B–D). MageE1, a
cancer-testis antigen (CTA), was expressed at significantly higher
levels in KP-LC compared to KPL 160424S (Figure S2B) and
as previously, genes differentially expressed by KP-LC and KPL
160424S were enriched in several pathways associated with
cancer (Figure S2D). This may form part of the reason why
the efficacy of KP-LC is higher than KPL 160424S. Depletion of
both CD8+ (Figure 5D) and CD4+ (Figure 5E) T cells reduced
the survival advantage afforded by KP-LC VIReST treatment
(Figure S5), demonstrating that the induction of adaptive
immune responses is vital for treatment efficacy. Given the
sensitivity of some lung tumors to immune checkpoint inhibition
(ICI), coupled with an impressive induction of adaptive T
cell immunity after vaccination, we reasoned that combination
treatment of VIReST with ICI may improve overall mortality.
Interestingly however, when induced transgenic mice were
treated with α-PD1 antibody, no synergy with VIReST treatment
was observed and the efficacy was not enhanced (Figure 5F and
Figure S5), although the PD1 blockade did improve the survival
of animals compared to untreated control animals. This suggests
that treatment failure in this model may not be due to PD1-
PDL1-mediated T cell anergy and alternative immunotherapeutic
approaches may be considered as synergistic partners.

Of note, an important concern in the development of vaccines
derived from ‘‘self’’-somatic cells is the possibility of breaking
immune tolerance against self-antigens. However, none of the
immunized mice developed any evident signs of autoimmune
disorders and there was no difference in the amount of circulating
anti-nuclear antibodies (ANA) detected between immunized and
unimmunized mice (Figure 5G), suggesting that the VIReST
regimen was not associated with significant risk of induction of
autoimmunity. In addition, no tumor formation was detected
at the site of inoculation, demonstrating VIReST as a safe
approach for prophylactic prevention of lung cancer as depicted
in Figure 6.

DISCUSSION

Vaccination strategies for lung cancer have historically been
unsuccessful, with no positive reports through large, late stage
clinical trials over the last decade. However, our improved
understanding of the fundamental processes underlying the
cancer-immunity cycle has led to a resurgence of interest
in developing cancer vaccination strategies, which will be
underpinned by rational approaches to selection of tumor
antigen targets and prevention of immune suppression. We have
recently described a novel vaccination strategy for pancreatic
cancer that overcomes current limitations of antigen selection by
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FIGURE 3 | A KP-LC VIReST immunization regime can protect against tumor

growth in a subcutaneous lung cancer model. (A) KP littermates were

immunized with AdV-infected KP-LC cells, followed by a booster immunization

using VV-infected KP-LC cells 4 weeks later. Two weeks after boost, mice

were challenged using 2 × 106 KPL 160302S or KPL 160424S cells. (B) Mice

were treated using the regime shown in (A) and KPL 160302S tumor growth

monitored. Mean subcutaneous tumor sizes ± SEM are shown for each group

and compared using a 2-way ANOVA with Bonferroni post-hoc testing (n =

7/group). (C) Representative images of immuno-histochemical staining for

CD8+ and CD4+ T cells in subcutaneous tumors derived from (B) 24 days

post-inoculation. (D,E) Lymphocytes were counted in 10 high power fields

(HPFs) randomly selected from each group. Mean ± SEM are shown for each

group of CD8+ T cells (D) or CD4+ T cells (E) and compared using an

independent T-test. (F) KP littermates (K+/+, PLSL−R172H/+) immunized as in

(A) were re-challenged using KPL 160424S tumor cells (n = 7/group). Mean

subcutaneous tumor sizes ± SEM are shown for each group and compared

using a 2-way ANOVA with Bonferroni post-hoc testing. (G) Representative

images of immuno-histochemical staining for CD8+ and CD4+ T cells in

subcutaneous tumors derived from (F) 31 days post-inoculation. (H,I)

Lymphocytes were counted in 10 HPFs randomly selected from each group of

CD8+ T cells (H) or CD4+ T cells (I). Mean ± SEM are shown for each group

and compared using an independent T-test. *p < 0.05, **p < 0.01, and

***p < 0.001.

disease onset and mortality in this model compared to treatment
with PBS, increasing median survival time by 17% (Figure 5C
and Figure S4). Furthermore, KPL 160302S vaccination also
protected this model, increasing median survival time by 21%,
but vaccination using KPL 160424S cells did not have a protective
function (Figure 5C and Figure S4). This difference may be
attributed to the fact that KP-LC and KPL 160302S had a
higher similarity at the transcriptome level (Figure 1F) and
elicited similar immune responses (Figures 4B–D). MageE1, a
cancer-testis antigen (CTA), was expressed at significantly higher
levels in KP-LC compared to KPL 160424S (Figure S2B) and
as previously, genes differentially expressed by KP-LC and KPL
160424S were enriched in several pathways associated with
cancer (Figure S2D). This may form part of the reason why
the efficacy of KP-LC is higher than KPL 160424S. Depletion of
both CD8+ (Figure 5D) and CD4+ (Figure 5E) T cells reduced
the survival advantage afforded by KP-LC VIReST treatment
(Figure S5), demonstrating that the induction of adaptive
immune responses is vital for treatment efficacy. Given the
sensitivity of some lung tumors to immune checkpoint inhibition
(ICI), coupled with an impressive induction of adaptive T
cell immunity after vaccination, we reasoned that combination
treatment of VIReST with ICI may improve overall mortality.
Interestingly however, when induced transgenic mice were
treated with α-PD1 antibody, no synergy with VIReST treatment
was observed and the efficacy was not enhanced (Figure 5F and
Figure S5), although the PD1 blockade did improve the survival
of animals compared to untreated control animals. This suggests
that treatment failure in this model may not be due to PD1-
PDL1-mediated T cell anergy and alternative immunotherapeutic
approaches may be considered as synergistic partners.

Of note, an important concern in the development of vaccines
derived from ‘‘self’’-somatic cells is the possibility of breaking
immune tolerance against self-antigens. However, none of the
immunized mice developed any evident signs of autoimmune
disorders and there was no difference in the amount of circulating
anti-nuclear antibodies (ANA) detected between immunized and
unimmunized mice (Figure 5G), suggesting that the VIReST
regimen was not associated with significant risk of induction of
autoimmunity. In addition, no tumor formation was detected
at the site of inoculation, demonstrating VIReST as a safe
approach for prophylactic prevention of lung cancer as depicted
in Figure 6.

DISCUSSION

Vaccination strategies for lung cancer have historically been
unsuccessful, with no positive reports through large, late stage
clinical trials over the last decade. However, our improved
understanding of the fundamental processes underlying the
cancer-immunity cycle has led to a resurgence of interest
in developing cancer vaccination strategies, which will be
underpinned by rational approaches to selection of tumor
antigen targets and prevention of immune suppression. We have
recently described a novel vaccination strategy for pancreatic
cancer that overcomes current limitations of antigen selection by
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FIGURE 3 | A KP-LC VIReST immunization regime can protect against tumor

growth in a subcutaneous lung cancer model. (A) KP littermates were

immunized with AdV-infected KP-LC cells, followed by a booster immunization

using VV-infected KP-LC cells 4 weeks later. Two weeks after boost, mice

were challenged using 2 × 106 KPL 160302S or KPL 160424S cells. (B) Mice

were treated using the regime shown in (A) and KPL 160302S tumor growth

monitored. Mean subcutaneous tumor sizes ± SEM are shown for each group

and compared using a 2-way ANOVA with Bonferroni post-hoc testing (n =

7/group). (C) Representative images of immuno-histochemical staining for

CD8+ and CD4+ T cells in subcutaneous tumors derived from (B) 24 days

post-inoculation. (D,E) Lymphocytes were counted in 10 high power fields

(HPFs) randomly selected from each group. Mean ± SEM are shown for each

group of CD8+ T cells (D) or CD4+ T cells (E) and compared using an

independent T-test. (F) KP littermates (K+/+, PLSL−R172H/+) immunized as in

(A) were re-challenged using KPL 160424S tumor cells (n = 7/group). Mean

subcutaneous tumor sizes ± SEM are shown for each group and compared

using a 2-way ANOVA with Bonferroni post-hoc testing. (G) Representative

images of immuno-histochemical staining for CD8+ and CD4+ T cells in

subcutaneous tumors derived from (F) 31 days post-inoculation. (H,I)

Lymphocytes were counted in 10 HPFs randomly selected from each group of

CD8+ T cells (H) or CD4+ T cells (I). Mean ± SEM are shown for each group

and compared using an independent T-test. *p < 0.05, **p < 0.01, and

***p < 0.001.

disease onset and mortality in this model compared to treatment
with PBS, increasing median survival time by 17% (Figure 5C
and Figure S4). Furthermore, KPL 160302S vaccination also
protected this model, increasing median survival time by 21%,
but vaccination using KPL 160424S cells did not have a protective
function (Figure 5C and Figure S4). This difference may be
attributed to the fact that KP-LC and KPL 160302S had a
higher similarity at the transcriptome level (Figure 1F) and
elicited similar immune responses (Figures 4B–D). MageE1, a
cancer-testis antigen (CTA), was expressed at significantly higher
levels in KP-LC compared to KPL 160424S (Figure S2B) and
as previously, genes differentially expressed by KP-LC and KPL
160424S were enriched in several pathways associated with
cancer (Figure S2D). This may form part of the reason why
the efficacy of KP-LC is higher than KPL 160424S. Depletion of
both CD8+ (Figure 5D) and CD4+ (Figure 5E) T cells reduced
the survival advantage afforded by KP-LC VIReST treatment
(Figure S5), demonstrating that the induction of adaptive
immune responses is vital for treatment efficacy. Given the
sensitivity of some lung tumors to immune checkpoint inhibition
(ICI), coupled with an impressive induction of adaptive T
cell immunity after vaccination, we reasoned that combination
treatment of VIReST with ICI may improve overall mortality.
Interestingly however, when induced transgenic mice were
treated with α-PD1 antibody, no synergy with VIReST treatment
was observed and the efficacy was not enhanced (Figure 5F and
Figure S5), although the PD1 blockade did improve the survival
of animals compared to untreated control animals. This suggests
that treatment failure in this model may not be due to PD1-
PDL1-mediated T cell anergy and alternative immunotherapeutic
approaches may be considered as synergistic partners.

Of note, an important concern in the development of vaccines
derived from ‘‘self’’-somatic cells is the possibility of breaking
immune tolerance against self-antigens. However, none of the
immunized mice developed any evident signs of autoimmune
disorders and there was no difference in the amount of circulating
anti-nuclear antibodies (ANA) detected between immunized and
unimmunized mice (Figure 5G), suggesting that the VIReST
regimen was not associated with significant risk of induction of
autoimmunity. In addition, no tumor formation was detected
at the site of inoculation, demonstrating VIReST as a safe
approach for prophylactic prevention of lung cancer as depicted
in Figure 6.

DISCUSSION

Vaccination strategies for lung cancer have historically been
unsuccessful, with no positive reports through large, late stage
clinical trials over the last decade. However, our improved
understanding of the fundamental processes underlying the
cancer-immunity cycle has led to a resurgence of interest
in developing cancer vaccination strategies, which will be
underpinned by rational approaches to selection of tumor
antigen targets and prevention of immune suppression. We have
recently described a novel vaccination strategy for pancreatic
cancer that overcomes current limitations of antigen selection by
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disease onset and mortality in this model compared to treatment
with PBS, increasing median survival time by 17% (Figure 5C
and Figure S4). Furthermore, KPL 160302S vaccination also
protected this model, increasing median survival time by 21%,
but vaccination using KPL 160424S cells did not have a protective
function (Figure 5C and Figure S4). This difference may be
attributed to the fact that KP-LC and KPL 160302S had a
higher similarity at the transcriptome level (Figure 1F) and
elicited similar immune responses (Figures 4B–D). MageE1, a
cancer-testis antigen (CTA), was expressed at significantly higher
levels in KP-LC compared to KPL 160424S (Figure S2B) and
as previously, genes differentially expressed by KP-LC and KPL
160424S were enriched in several pathways associated with
cancer (Figure S2D). This may form part of the reason why
the efficacy of KP-LC is higher than KPL 160424S. Depletion of
both CD8+ (Figure 5D) and CD4+ (Figure 5E) T cells reduced
the survival advantage afforded by KP-LC VIReST treatment
(Figure S5), demonstrating that the induction of adaptive
immune responses is vital for treatment efficacy. Given the
sensitivity of some lung tumors to immune checkpoint inhibition
(ICI), coupled with an impressive induction of adaptive T
cell immunity after vaccination, we reasoned that combination
treatment of VIReST with ICI may improve overall mortality.
Interestingly however, when induced transgenic mice were
treated with α-PD1 antibody, no synergy with VIReST treatment
was observed and the efficacy was not enhanced (Figure 5F and
Figure S5), although the PD1 blockade did improve the survival
of animals compared to untreated control animals. This suggests
that treatment failure in this model may not be due to PD1-
PDL1-mediated T cell anergy and alternative immunotherapeutic
approaches may be considered as synergistic partners.

Of note, an important concern in the development of vaccines
derived from ‘‘self’’-somatic cells is the possibility of breaking
immune tolerance against self-antigens. However, none of the
immunized mice developed any evident signs of autoimmune
disorders and there was no difference in the amount of circulating
anti-nuclear antibodies (ANA) detected between immunized and
unimmunized mice (Figure 5G), suggesting that the VIReST
regimen was not associated with significant risk of induction of
autoimmunity. In addition, no tumor formation was detected
at the site of inoculation, demonstrating VIReST as a safe
approach for prophylactic prevention of lung cancer as depicted
in Figure 6.

DISCUSSION

Vaccination strategies for lung cancer have historically been
unsuccessful, with no positive reports through large, late stage
clinical trials over the last decade. However, our improved
understanding of the fundamental processes underlying the
cancer-immunity cycle has led to a resurgence of interest
in developing cancer vaccination strategies, which will be
underpinned by rational approaches to selection of tumor
antigen targets and prevention of immune suppression. We have
recently described a novel vaccination strategy for pancreatic
cancer that overcomes current limitations of antigen selection by
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FIGURE 5 | A VIReST regime using iPSC-derived lung tumor cells delays

mortality in an induced transgenic model of lung cancer. Ten to twelve

week-old KP transgenic mice were immunized using a VIReST regime as

shown in Figure 4A. (A) Lung tissues of mice 10.5 or 15.5 weeks

post-Ad-Cre infection were collected. Representative images of H&E staining

are shown. Tumor tissue is indicated by the arrows. (B) Tumors present in the

H&E stained sections were counted. Significance was analyzed using a

student’s independent T-test. (C) After treatment with PBS/KP-LC/KPL

160302S/KPL 160424S vaccination (n = 20/group for PBS or KP-LC or KPL

160302S; n = 19/group for KPL 160424S), long term survival was monitored.

Kaplan-Meier survival analysis followed by Log rank (Mantel-Cox) tests was

used to determine significance. (D) KP mice were treated with the KP-LC

VIReST regime with or without CD8+ T cell depletion and survival monitored

as above (n = 20/group for PBS or KP-LC; n = 8/group for depletion). (E) KP

mice were treated with the KP-LC VIReST regime with or without CD4+ T cell

depletion and survival monitored as above (n = 20/group for PBS or KP-LC; n

= 8/group for depletion). (F) KP mice were treated with the KP-LC VIReST

regime with or without additional α-PD1 treatment and survival monitored as

above (n = 20/group for PBS or KP-LC; n = 8/group for α-PD1 treatment).

Kaplan-Meier survival analysis followed by Log rank (Mantel-Cox) tests was

used to determine significance. (G) Sera of immunized mice and control mice

were analyzed by ELISA for presence of ANAs. *p < 0.05, **p < 0.01,

***p < 0.001, and ns, no significance.

creating autologous cancer vaccines directly from stem cells (10).
Using two common driver mutations, KRASG12D and P53R172H,
we were able to replicate the transcriptome profile of cancer
cells isolated from transgenic mice in our stem cell derived
pancreatic cancer cells. Here, we extend this protocol to lung
cancer and importantly demonstrate that despite the use of the
same, albeit ubiquitous, driver mutations, the antigenic profile
of subsequent tumor cell lines was highly identical to lung
cancer cell lines from induced transgenic models, but not related
to pancreatic cancer cells derived in the same manner. This
demonstrates that the initiating mutations are less relevant to the
ensuing accrual of passenger mutations than the epigenetics and
lineage specialization of individual tumors. As driver mutations
can be expected to have low immunogenicity, these passenger
mutations must be key targets if vaccination strategies are to be
successful (10, 24). One of the most important aspects of this
vaccination regime is the ability to apply entirely autologous
vaccines early, or even prior to, disease development. Early
application will be the key to vaccine success, as antigen-specific
T cell induction can occur prior to selection of MHCI loss
of heterogeneity (LOH) variants, common in the evolution of
many cancers (25). It has previously been shown that a large
proportion of neoantigens were observed to bind to lost MHCI
haplotypes (26). Furthermore, recent evidence supports a model
of branched evolution in cancers that leads to variable, but
potentially considerable intra-tumoral heterogeneity in different
tumor types (27–29). This factor may be less relevant for lung
cancer vaccination strategies, as recent analysis suggests that 76%
of all mutations can be detected in all region of the tumor (9).
However, this characterization also revealed that accrual of non-
synonymous mutations occur as early events in the evolution of
cancer, thus early treatment potentially targets a large number of
immunogenic antigens, prior to immune suppression or evasion,
setting up an immune system capable of long-term control
of disease.

Early disease management is also vital for avoiding the
strongly immunosuppressive environment that occurs later
in disease evolution. Indeed, early pre-malignant lesions are
heavily infiltrated by immune cells with an activated phenotype
suggesting an ongoing anti-tumor response. At this stage,
immunosuppressive cells are considered rare (7). To maximize
the immunogenicity of the vaccine at this stage, we developed a
VIReST protocol, in which the stem cell derived cancer cells were
pre-infected with either AdV or VV prior to administration in
a prime-boost vaccination regime. Virus-infected cell vaccines,
whereby tumor cells are pre-infected with replicating tumor
tropic virus prior to delivery as a vaccine, has been shown
to provoke high levels of anti-tumor immunity that was not
achieved when cells were delivered without infection (23),
suggesting that replicating viruses can provide relevant danger
signals required for vaccine immunogenicity.We have previously
demonstrated that replicating viruses can provide adjuvant
danger signals and that sequential application of oncolytic AdV
followed by VV provides superior efficacy compared to use of
either virus alone or in the reverse order when administered
as therapeutics in animal tumor models (15) or as vaccine
adjuvants (10). We have also previously shown that the VIReST
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creating autologous cancer vaccines directly from stem cells (10).
Using two common driver mutations, KRASG12D and P53R172H,
we were able to replicate the transcriptome profile of cancer
cells isolated from transgenic mice in our stem cell derived
pancreatic cancer cells. Here, we extend this protocol to lung
cancer and importantly demonstrate that despite the use of the
same, albeit ubiquitous, driver mutations, the antigenic profile
of subsequent tumor cell lines was highly identical to lung
cancer cell lines from induced transgenic models, but not related
to pancreatic cancer cells derived in the same manner. This
demonstrates that the initiating mutations are less relevant to the
ensuing accrual of passenger mutations than the epigenetics and
lineage specialization of individual tumors. As driver mutations
can be expected to have low immunogenicity, these passenger
mutations must be key targets if vaccination strategies are to be
successful (10, 24). One of the most important aspects of this
vaccination regime is the ability to apply entirely autologous
vaccines early, or even prior to, disease development. Early
application will be the key to vaccine success, as antigen-specific
T cell induction can occur prior to selection of MHCI loss
of heterogeneity (LOH) variants, common in the evolution of
many cancers (25). It has previously been shown that a large
proportion of neoantigens were observed to bind to lost MHCI
haplotypes (26). Furthermore, recent evidence supports a model
of branched evolution in cancers that leads to variable, but
potentially considerable intra-tumoral heterogeneity in different
tumor types (27–29). This factor may be less relevant for lung
cancer vaccination strategies, as recent analysis suggests that 76%
of all mutations can be detected in all region of the tumor (9).
However, this characterization also revealed that accrual of non-
synonymous mutations occur as early events in the evolution of
cancer, thus early treatment potentially targets a large number of
immunogenic antigens, prior to immune suppression or evasion,
setting up an immune system capable of long-term control
of disease.

Early disease management is also vital for avoiding the
strongly immunosuppressive environment that occurs later
in disease evolution. Indeed, early pre-malignant lesions are
heavily infiltrated by immune cells with an activated phenotype
suggesting an ongoing anti-tumor response. At this stage,
immunosuppressive cells are considered rare (7). To maximize
the immunogenicity of the vaccine at this stage, we developed a
VIReST protocol, in which the stem cell derived cancer cells were
pre-infected with either AdV or VV prior to administration in
a prime-boost vaccination regime. Virus-infected cell vaccines,
whereby tumor cells are pre-infected with replicating tumor
tropic virus prior to delivery as a vaccine, has been shown
to provoke high levels of anti-tumor immunity that was not
achieved when cells were delivered without infection (23),
suggesting that replicating viruses can provide relevant danger
signals required for vaccine immunogenicity.We have previously
demonstrated that replicating viruses can provide adjuvant
danger signals and that sequential application of oncolytic AdV
followed by VV provides superior efficacy compared to use of
either virus alone or in the reverse order when administered
as therapeutics in animal tumor models (15) or as vaccine
adjuvants (10). We have also previously shown that the VIReST
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creating autologous cancer vaccines directly from stem cells (10).
Using two common driver mutations, KRASG12D and P53R172H,
we were able to replicate the transcriptome profile of cancer
cells isolated from transgenic mice in our stem cell derived
pancreatic cancer cells. Here, we extend this protocol to lung
cancer and importantly demonstrate that despite the use of the
same, albeit ubiquitous, driver mutations, the antigenic profile
of subsequent tumor cell lines was highly identical to lung
cancer cell lines from induced transgenic models, but not related
to pancreatic cancer cells derived in the same manner. This
demonstrates that the initiating mutations are less relevant to the
ensuing accrual of passenger mutations than the epigenetics and
lineage specialization of individual tumors. As driver mutations
can be expected to have low immunogenicity, these passenger
mutations must be key targets if vaccination strategies are to be
successful (10, 24). One of the most important aspects of this
vaccination regime is the ability to apply entirely autologous
vaccines early, or even prior to, disease development. Early
application will be the key to vaccine success, as antigen-specific
T cell induction can occur prior to selection of MHCI loss
of heterogeneity (LOH) variants, common in the evolution of
many cancers (25). It has previously been shown that a large
proportion of neoantigens were observed to bind to lost MHCI
haplotypes (26). Furthermore, recent evidence supports a model
of branched evolution in cancers that leads to variable, but
potentially considerable intra-tumoral heterogeneity in different
tumor types (27–29). This factor may be less relevant for lung
cancer vaccination strategies, as recent analysis suggests that 76%
of all mutations can be detected in all region of the tumor (9).
However, this characterization also revealed that accrual of non-
synonymous mutations occur as early events in the evolution of
cancer, thus early treatment potentially targets a large number of
immunogenic antigens, prior to immune suppression or evasion,
setting up an immune system capable of long-term control
of disease.

Early disease management is also vital for avoiding the
strongly immunosuppressive environment that occurs later
in disease evolution. Indeed, early pre-malignant lesions are
heavily infiltrated by immune cells with an activated phenotype
suggesting an ongoing anti-tumor response. At this stage,
immunosuppressive cells are considered rare (7). To maximize
the immunogenicity of the vaccine at this stage, we developed a
VIReST protocol, in which the stem cell derived cancer cells were
pre-infected with either AdV or VV prior to administration in
a prime-boost vaccination regime. Virus-infected cell vaccines,
whereby tumor cells are pre-infected with replicating tumor
tropic virus prior to delivery as a vaccine, has been shown
to provoke high levels of anti-tumor immunity that was not
achieved when cells were delivered without infection (23),
suggesting that replicating viruses can provide relevant danger
signals required for vaccine immunogenicity.We have previously
demonstrated that replicating viruses can provide adjuvant
danger signals and that sequential application of oncolytic AdV
followed by VV provides superior efficacy compared to use of
either virus alone or in the reverse order when administered
as therapeutics in animal tumor models (15) or as vaccine
adjuvants (10). We have also previously shown that the VIReST
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FIGURE 5 | A VIReST regime using iPSC-derived lung tumor cells delays

mortality in an induced transgenic model of lung cancer. Ten to twelve

week-old KP transgenic mice were immunized using a VIReST regime as

shown in Figure 4A. (A) Lung tissues of mice 10.5 or 15.5 weeks

post-Ad-Cre infection were collected. Representative images of H&E staining

are shown. Tumor tissue is indicated by the arrows. (B) Tumors present in the

H&E stained sections were counted. Significance was analyzed using a

student’s independent T-test. (C) After treatment with PBS/KP-LC/KPL

160302S/KPL 160424S vaccination (n = 20/group for PBS or KP-LC or KPL

160302S; n = 19/group for KPL 160424S), long term survival was monitored.

Kaplan-Meier survival analysis followed by Log rank (Mantel-Cox) tests was

used to determine significance. (D) KP mice were treated with the KP-LC

VIReST regime with or without CD8+ T cell depletion and survival monitored

as above (n = 20/group for PBS or KP-LC; n = 8/group for depletion). (E) KP

mice were treated with the KP-LC VIReST regime with or without CD4+ T cell

depletion and survival monitored as above (n = 20/group for PBS or KP-LC; n

= 8/group for depletion). (F) KP mice were treated with the KP-LC VIReST

regime with or without additional α-PD1 treatment and survival monitored as

above (n = 20/group for PBS or KP-LC; n = 8/group for α-PD1 treatment).

Kaplan-Meier survival analysis followed by Log rank (Mantel-Cox) tests was

used to determine significance. (G) Sera of immunized mice and control mice

were analyzed by ELISA for presence of ANAs. *p < 0.05, **p < 0.01,

***p < 0.001, and ns, no significance.

creating autologous cancer vaccines directly from stem cells (10).
Using two common driver mutations, KRASG12D and P53R172H,
we were able to replicate the transcriptome profile of cancer
cells isolated from transgenic mice in our stem cell derived
pancreatic cancer cells. Here, we extend this protocol to lung
cancer and importantly demonstrate that despite the use of the
same, albeit ubiquitous, driver mutations, the antigenic profile
of subsequent tumor cell lines was highly identical to lung
cancer cell lines from induced transgenic models, but not related
to pancreatic cancer cells derived in the same manner. This
demonstrates that the initiating mutations are less relevant to the
ensuing accrual of passenger mutations than the epigenetics and
lineage specialization of individual tumors. As driver mutations
can be expected to have low immunogenicity, these passenger
mutations must be key targets if vaccination strategies are to be
successful (10, 24). One of the most important aspects of this
vaccination regime is the ability to apply entirely autologous
vaccines early, or even prior to, disease development. Early
application will be the key to vaccine success, as antigen-specific
T cell induction can occur prior to selection of MHCI loss
of heterogeneity (LOH) variants, common in the evolution of
many cancers (25). It has previously been shown that a large
proportion of neoantigens were observed to bind to lost MHCI
haplotypes (26). Furthermore, recent evidence supports a model
of branched evolution in cancers that leads to variable, but
potentially considerable intra-tumoral heterogeneity in different
tumor types (27–29). This factor may be less relevant for lung
cancer vaccination strategies, as recent analysis suggests that 76%
of all mutations can be detected in all region of the tumor (9).
However, this characterization also revealed that accrual of non-
synonymous mutations occur as early events in the evolution of
cancer, thus early treatment potentially targets a large number of
immunogenic antigens, prior to immune suppression or evasion,
setting up an immune system capable of long-term control
of disease.

Early disease management is also vital for avoiding the
strongly immunosuppressive environment that occurs later
in disease evolution. Indeed, early pre-malignant lesions are
heavily infiltrated by immune cells with an activated phenotype
suggesting an ongoing anti-tumor response. At this stage,
immunosuppressive cells are considered rare (7). To maximize
the immunogenicity of the vaccine at this stage, we developed a
VIReST protocol, in which the stem cell derived cancer cells were
pre-infected with either AdV or VV prior to administration in
a prime-boost vaccination regime. Virus-infected cell vaccines,
whereby tumor cells are pre-infected with replicating tumor
tropic virus prior to delivery as a vaccine, has been shown
to provoke high levels of anti-tumor immunity that was not
achieved when cells were delivered without infection (23),
suggesting that replicating viruses can provide relevant danger
signals required for vaccine immunogenicity.We have previously
demonstrated that replicating viruses can provide adjuvant
danger signals and that sequential application of oncolytic AdV
followed by VV provides superior efficacy compared to use of
either virus alone or in the reverse order when administered
as therapeutics in animal tumor models (15) or as vaccine
adjuvants (10). We have also previously shown that the VIReST

Frontiers in Immunology | www.frontiersin.org 13 August 2020 | Volume 11 | Article 1996

ANA en modelo murino

Zhang Z, et al.  An Pediatr (Barc), 2020



Zhang et al. Stem Cell-Based Lung Cancer Vaccination

FIGURE 6 | Schematic of the VIReST regime applied for prophylactic prevention or therapeutic treatment of lung cancer. (A) A schematic of the VIReST regime and

how it has been applied in animal models of lung cancer is presented. (B) A schematic of how the proposed VIReST regime would be used clinically is presented.

regime is ineffective in a pancreatic cancer model when stem
cell-derived cancer cells are delivered without concomitant viral
infection (10).

Given that vaccine efficacy will be most prominent in
early stage or pre-malignant disease, a patient selection issue
arises. Lung cancers symptoms rarely appear until tumors are
at an advanced, often incurable stage. However, a number
of developments have led to the introduction of screening
techniques that can be applied to high risk individuals, including
Low-Dose Cat Scans (LCDT) that have been endorsed for
annual use to detect early signs of cancer (30, 31). In this
regard, use of personalized vaccine as an adjuvant to surgical
removal of pre-cancerous lesions can be envisaged. In addition,
circulating tumor DNA can be detected in the early-stage lung
cancers based on driver mutations (32, 33), and changes in gene
expression levels in the bronchial airway can be identified before
tumorigenesis (34, 35). These latter advances may also make

it possible to more accurately tailor VIReST to the individual,
by identification of driver mutations specific to the individual
that can be used to derive the lung cancer cells from iPSCs.
Patient tailored treatments will be vital for induction of long-
term efficacy, considering the role that environmental factors
play in the induction of lung tumors through a range of
driver mutations.

The results presented here suggest that it is feasible to
create personalized cancer cells from iPSCs without the need
for specimens from surgical biopsy, and these induced cancer
cells can mimic the original tumor, or potential tumor, to a
great extent. In addition to its use as an early-stage, or even
prophylactic, vaccine we also expect a role for this technology in
the detection of drug sensitivity of specific cancers in vitro.

To increase the efficiency of manufacture, it is possible to
source iPSCs with matched HLA molecules from iPSC stocks
(36) and safety concerns are addressed by preventing ongoing cell
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Conclusiones facilonas

MTBVAC parece producir también efectos heterólogos, igual que BCG

No cambios significativos en FAA, pero se siguen sin cumplir de forma óptima

Importantes pasos en el desarrollo de vacunas individualizadas frente a 
algunos tipos de cáncer



Conclusión de verdad
(y un mensaje)



Erastótenes de Cirene
(año 200 a. C.)

Humanos hoy
(año 2020)
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