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exploratory stage. Its broader use by multiple 
research groups may eventually lead to stan-
dardization of techniques and antibody panels, 
which would potentially enable identification 
and validation of biomarkers in blood samples 
that correlate with clinical outcome.
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CyTOF studies of the second cohort confirmed 
lower frequencies of CD4+ and CD8+ T cells 
and higher frequencies of CD14+ monocytes in 
the pretreatment blood samples of responder 
patients as compared to non-responders. 
The CyTOF data were also confirmed using 
a flow cytometry–based panel. They further 
noted that a classical monocyte (CD3–CD19–

CD14+CD16–HLA-DR+) frequency higher 
than 19.38% (as estimated by CyTOF analysis) 
in pretreatment peripheral blood correlated 
with improved progression-free and overall 
survival in the validation cohort.

Myeloid cells can interfere with T cell 
responses and enable resistance to ICT9,10. 
However, the heterogeneity of myeloid cells and 
their possible divergent functions in human can-
cers are not completely understood. In murine 
studies of cancer metastasis, it was found that 
non-classical monocytes (CD14dimCD16+), 

also known as ‘patrolling’ monocytes, have 
an important role in scavenging and kill-
ing tumor cells11. Non-classical mono-
cytes can also mediate antibody-dependent  
cell-mediated cytotoxicity (ADCC) in the 
setting of anti-CTLA-4 therapy, leading to 
depletion of regulatory T cells in murine 
tumor models12. However, the role of classical 
monocytes, which represent the largest popu-
lation of total blood monocytes, is not well 
established in antitumor immune responses. 
Further studies will be required to understand 
the mechanistic role of classical monocytes in 
antitumor immunity. Nevertheless, the study 
by Krieg et al.6 highlights the need to conduct 
prospective studies to further evaluate classical 
monocytes in peripheral blood as a biomarker 
of response to ICT. CyTOF is a powerful tool 
and has immense potential in future bio-
marker studies; however, it is currently at an 

A new vaccine for tuberculosis in rhesus macaques
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In a recent study using cytomegalovirus (CMV)-vectored vaccines in rhesus macaques, prevention of tuberculosis 
in over 40% of vaccinated animals is shown and is attributed to reprogrammed innate immunity and CMV’s 
maintenance of vaccine-elicited effector memory T cells.
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Mycobacterium tuberculosis (Mtb), the intrac-
ellular bacterium that causes tuberculosis (TB), 
is believed to have infected 25% of the world’s 
population, making it a top public-health pri-
ority. On average, 5–10% of infected individ-
uals develop active TB, leading to 10 million 
new cases yearly1. Disparities in health infra-
structure have caused TB to remain endemic in 
many countries. Furthermore, the emergence 
of antibiotic resistance has made TB increas-
ingly difficult to treat, and few new antibiot-
ics are available. Vaccines represent the most 
cost-effective strategy to eliminate TB. The 
current TB vaccine, bacille Calmette–Guérin 
(BCG), is the most widely dispensed vaccine 
in the world. However, its efficacy continues to 

be debated. Clinical trials of BCG have shown 
up to 80% efficacy in the prevention of active 
pulmonary disease, particularly in infants 
and in temperate climate countries with low 
TB incidence. However, there is considerable 
geographic variation in BCG efficacy, and the 
vaccine performs poorly in TB-endemic coun-
tries2. While there is agreement that a more 
effective vaccine is needed, developing such 
a vaccine has been unpredictably difficult. 
In this issue, Hansen et al.3 vaccinate rhesus 
macaques with a rhesus CMV vector express-
ing six or nine Mtb antigens (RhCMV/TB) 
and show an unprecedented level of protec-
tion from TB.

Mtb is able to infect macrophages and 
occupies an intracellular niche following 
infection, requiring the activity of T cells to 
control infection. T cell production of cyto-
kines such as tumor necrosis factor (TNF) 
and interferon (IFN)-γ enables macrophages 
to restrict Mtb growth. However, T cell activa-
tion also changes the nature of the inflamma-
tory response to infection. IFN-γ-producing 
T cells decrease the accumulation of neutro-
phils, a cell type that, when infected, is per-
missive for bacterial replication, and enhance 

the influx of monocytes and macrophages, 
which are then better equipped to control Mtb 
replication4. Hence, a major focus of vaccine 
development has been to elicit large numbers 
of memory T cells that recognize and activate 
infected cells before Mtb can establish a niche 
in which to evade host immunity. However, 
protecting the lung against a bacterium that 
infects alveolar macrophages is no small feat. 
The adaptive immune response must locate 
the very small numbers of bacteria among a 
billion macrophages distributed among ~480 
million alveoli.

It is likely that the best vaccine will elicit  
T cells that are able to encounter the patho-
gen immediately after infection. While central 
memory T (TCM) cells maintain a presence 
in secondary lymphoid tissue, such as lymph 
nodes, effector memory T (TEM) cells are 
thought to circulate and patrol peripheral 
tissues5 (Fig. 1a). Tissue-resident memory T 
(TRM) cells, non-circulating memory cells that 
reside in parenchymal tissues, are positioned for 
early recognition of infected cells6. Currently, 
few vaccine candidates stimulate strong TEM 
responses and most elicit a mixture of TCM 
and TEM cells. Although vaccine-induced  
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CD8+ T cells. When rhesus macaques were 
vaccinated, underwent vaccine boosting and 
were challenged with virulent Mtb nearly a  
year later, all three vaccines reduced the 
burden of TB similarly, as compared with 
unvaccinated controls, and prevented  
detectable infection in >40% of animals after 
Mtb challenge (Fig. 1b). This level of protec-
tion is impressive given the great suscepti-
bility of rhesus macaques to Mtb relative to 
other nonhuman primate models, such as 
cynomolgus macaques, and also to humans. 
The ability of the RhCMV/TB vaccine gen-
erated by Hansen et al.3 to induce sterilizing 
immunity could represent a crucial leap for-
ward in TB vaccine development. However, 
there remain some areas that require  
further clarification.

The authors’ conclusion of achieving steril-
izing immunity is based on the observation in 
inoculated macaques of an absence of radiologi-
cal disease and negative bacterial cultures from 
stereotactic punch biopsies, which are done in 
a reproducible manner but do not necessarily 
target focal disease. The second experiment, 
which compared the efficacy of the 68-1 and 
68-1.2 RhCMV vectors, used a low inocculum. 
In the absence of noticeable disease, a concern 
is that the animals ‘cleared’ of Mtb never had a 
productive infection. The generation of T cell 
responses to Mtb antigens that were not part 
of the vaccine is presented as evidence that all 
macaques were infected, but measuring bacte-
rial chromosome equivalents by PCR might 
validate the initial infection12.

Another fundamental question is how 
RhCMV-based vaccines confer protection. 
Antibodies to Mtb antigens in RhCMV/TB 
were not detected after vaccination; instead, 
the authors attribute the protective immunity 
elicited by RhCMV/TB to high frequencies of 
TEM cells generated by the re-stimulation of 
Mtb-specific T cells from RhCMV/TB vac-
cination11. However, classical ‘recall’ T cell 
responses were observed in neither 68-1- 
nor 68-1.2-vaccinated animals upon Mtb  
challenge, indicating that these Mtb-specific 
memory TEM cells might not proliferate upon 
antigen exposure and may persist in a manner 
poised to confer immunity. An interesting facet 
of the 68-1 RhCMV vector is that it induces 
MHC-E-restricted and unconventional class II 
MHC–restricted CD8+ T cells, although these 
do not seem to be responsible for prevention 
of infection.

The authors were also able to detect a  
neutrophil-specific transcriptional signature in 
the blood after vaccination in protected animals, 
which may suggest a role for innate responses 
in vaccine-elicited protection. Thus, an alter-
native explanation for the conferred immunity 

individuals an enormous part of the immune 
bandwidth is directed toward CMV. The 
choice of CMV as a vaccine vector makes use  
of the virus’s natural periodic reactivation, 
leading to intermittent re-stimulation of Mtb-
specific T cells and maintenance of a population 
of TEM cells.

The authors vaccinated rhesus macaques 
with three different RhCMV/TB vaccine 
constructs encoding Mtb proteins expressed 
during latency, early reactivation and active 
disease: the original ‘68-1’ RhCMV backbone 
used previously in their simian immunodefi-
ciency virus (SIV) studies11, containing nine 
Mtb antigens, which was found to generate 
non-classically restricted CD8+ T cells, and 
a new ‘68-1.2’ RhCMV backbone contain-
ing either nine or six Mtb antigens, which 
does not generate non-classically restricted 

protection against Mtb correlates with a TCM 
phenotype in mice7, there are limited data. 
Mouse studies have shown that memory T cells 
are first activated in the draining lymph nodes 
of the lung, which slows the onset of memory- 
recall responses and reduces the potential ben-
efit of vaccination8–10. However, even if T cells 
are not able to prevent infection outright, their 
ability to enforce latency and delay or prevent 
the emergence of clinical disease would reduce 
Mtb transmission and eventually reduce dis-
ease incidence. Thus, the preclinical bench-
mark for previous vaccines has been reducing 
the bacterial load.

In the new study, Hansen et al.3 use CMV-
vectored vaccines to prevent TB. CMV, like 
other herpesviruses, has a latency phase that 
is followed by periodic reactivation and stim-
ulation of T cell responses. Thus in infected 

Figure 1  A new strategy for developing a tuberculosis vaccine. (a) While a vaccine that prevents 
infection altogether is the preferred goal of vaccination, sterilizing immunity appears possible using 
a vaccine that elicits TRM and TEM cell responses, as compared with TCM or naive T cell responses in 
unvaccinated individuals. (b) In comparison with prior vaccine strategies that primarily aim to elicit 
TCM cell responses, Hansen et al.3 use a CMV-base vaccine to elicit a response composed primarily of 
TEM cell responses, resulting in sterilizing immunity to TB in Mtb-challenged rhesus macaques. The 
experimental strategy used by Hansen et al including disease endpoints and possible mechanisms of 
RhCMV/TB vaccine action is shown. CFU, colony-forming units; Ab, antibody. 
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is that RhCMV stimulated, or trained, innate 
immune cells that limit or prevent Mtb infec-
tion irrespective of the vaccine antigens, a con-
tribution the authors also suggest. Therefore, 
the conclusion that vaccine-elicited TEM cells 
can prevent TB would be strengthened by the 
analysis of a group vaccinated with an empty 
RhCMV vector studied in parallel with either 
of the RhCMV/TB vaccines.

Finally, whether these principles can be used 
to design a vaccine for use in people remains to 
be determined. While RhCMV has consider-
able homology with human CMV, RhCMV/TB 
is a replication-competent virus. Such a virus 
could potentially be pathogenic in vulnerable 

people, whereas all macaques in this study 
were previously RhCMV seropositive. Thus, 
it is essential to determine whether an attenu-
ated or replication-defective vector could elicit 
the type of T cell responses that are capable of 
mediating sterilizing immunity against Mtb. 
While the ultimate mechanism of protection 
deserves additional investigation, this report 
by Hansen et al.3 will no doubt reinvigorate TB 
vaccine research.
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Selective enhancer changes in osteosarcoma  
lung metastasis
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A recent study investigates the contribution of epigenomic plasticity to lung metastasis in osteosarcoma. Changes in 
the enhancer landscape were found to be nonrandom and driven by selective forces in the microenvironment.
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Metastasis is a complex multistep process that 
is not fully understood. It comprises many suc-
cessive steps, including local invasion of tumor 
cells into adjacent tissue, migration, intra- and 
extravasation, and colonization of distant sites1. 
Transition from one step to the next requires 
a high level of intrinsic cellular plasticity. It is 
now known that several rate-limiting steps 
in the metastatic cascade hijack evolution-
arily conserved developmental mechanisms2. 
Tissue- and stage-specific gene transcription 
is regulated by functional elements of the 
noncoding genome called enhancers, which 
serve as docking sites for proteins that regu-
late transcription. Access of these transcription 
factors to enhancers is regulated through a 
variety of local histone modifications. Histone 
H3 acetylation at lysine 27 (H3K27ac) and 
monomethylation at lysine 4 (H3K4me) are 
associated with open chromatin,serving as 
transcription-activating marks, whereas trim-
ethylation of lysine 27, among other histone 
marks, is associated with chromatin compac-
tion and gene repression. Thus, in normal 
development, transition from one cellular state 
to the next and the concomitant shift in the  

gene expression programs are orchestrated 
through dynamic microenvironment-induced 
changes in the epigenomic landscape that fol-
low an evolutionarily selected, genetically 
defined program3.

As mentioned above, the epigenetic mecha-
nisms that drive disease progression are simi-
lar to those that drive normal development. 
In pancreatic adenocarcinoma, for example, 
there is little heterogeneity between driver 
gene mutations in primary tumors and those 
in metastases, but there is marked epigenetic 
reprograming associated with altered gene 
expression and tumor cell metabolism in 
tumors at metastatic sites4–6. Similarly, in Ewing 
sarcoma—the second most frequent pediatric 
bone cancer—primary tumors are genetically 
homogeneous but epigenetically heteroge-
neous. This heterogeneity is markedly increased 
in individuals with metastatic disease7. Thus, 
the cancer epigenome is increasingly being 
recognized as a therapeutic target, and epi-
genetic therapies for cancer are being devel-
oped. In this issue of Nature Medicine, Morrow  
et al.8 investigate the mechanisms underly-
ing metastasis in osteosarcoma, the most 
frequent malignant bone tumor in children  
and adolescents. They provide evidence for 
heterogeneous, widespread, nonrandom acqui-
sition and loss of the transcriptional enhancers 
that drive metastatic state-specific transcrip-
tional activity in mice and humans.

Morrow et al.8 studied metastasis-associated, 
genome-wide variations in the H3K27ac and 
H3K4me histone landscapes through chroma-
tin immunoprecipitation and DNAsequencing 
(ChIP–seq) and in chromatin accessibility 
patterns as determined through DNase-seq. 
By carrying out these analyses, they aimed 
to identify activity fluctuations of enhancers. 
First, they analyzed the osteosarcoma epi-
genome at different time points of disease pro-
gression in primary human tumors in bone and 
in metastases in lung. This data set revealed 
pronounced interpatient variability in metas-
tasis-associated epigenetic enhancer changes. 
They also analyzed the epigenetic makeup of 
nonmetastatic and metastatic osteosarcoma 
cell line pairs generated through in vivo selec-
tion in mice, mutagenesis or induction of an  
oncogenic driver mutation to confirm the 
heterogeneity of enhancer gain and loss in 
metastasis. The authors termed enhancers spe-
cifically gained or lost in metastases metastatic 
variant enhancer loci (Met-VELs).

The authors then studied lung colonization 
by osteosarcoma cells in immunocompromised 
mice. In this model, tumor cells were injected 
into the tail vein of a mouse from which lung 
sections were prepared. These were cultured 
ex vivo to monitor growth of tumor cell nod-
ules over time9. This model shed light on the 
dependence of Met-VEL dynamics on the 
microenvironment during lung colonization. 
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