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Immune checkpoint inhibition has revolutionized therapy 
for patients with advanced melanoma in the last decade, 
particularly the use of antibodies against programmed 
death 1  (PD-1)  and programmed death l igand 1  
(PD-L1) proteins. Despite the unprecedented success 
of PD-1 blockade therapy in melanoma, progression of 
disease occurs after 21 months in approximately 25% of 
patients who initially achieved an objective response. When 
PD-1 interacts with its two ligands, PD-L1 and PD-L2, 
it inhibits TCR downstream signaling and inhibits T-cell 
activity (1). During an active response with PD-1 blockade, 
tumor-infiltrating CD8+ T cells are the effectors in tumor 
regression by mounting an interferon-gamma/granzyme 
mediated attack on tumor cells. First, naive CD8+ T-cells 
undergo genetic differentiation to function as CD8+ 
effector T-cells. Subsequently, genes encoding cytokines, 
chemokines, and other soluble factors associated with 
cytolysis are expressed (2). IFN-gamma, a central cytokine 
secreted by effector CD8+ T-cells, induces macrophage 
activation and promotes anti-tumor responses (3,4). CD8+ 
T cells can also mediate cytolytic cell death via the perforin-

granzyme effector pathway (5). Calcium-dependent release 
of perforin and granzymes from lytic granules occurs upon 
antigen recognition on the surface of target cells. Perforin 
polymerizes to form transmembrane pores within target 
cell membranes. Granzymes activate enzyme cascades 
that trigger apoptosis (6). Studies have revealed that both 
perforin and granzymes are necessary for effective cell 
killing. Mast-cell lines transfected with genes encoding 
perforin alone and granzyme B alone experience profound 
defects in cytotoxic T cell activity and complete loss in 
cytolysis, respectively. However, mast-cell lines transfected 
with both genes induce DNA fragmentation as effectively as 
granules from cytotoxic cells (5). This suggests that perforin 
compromises the integrity of the target cell membrane, 
allowing granzymes to enter the cell. Furthermore, recent 
findings have shown that increased expression levels of 
IFN-γ and granzyme B in T cells correlate with favorable 
outcomes (7,8). Moreover, it is thought that the success of 
immune checkpoint blockade therapies can be predicted 
by a presence of pre-existing antigen-specific CD8+ T 
cells that are negatively regulated through PD-1/PD-L1 
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mediated adaptive immune resistance (9,10). In this study, 
Zaretsky et al. determined that CD8+ T cells were also 
abundant in the tumor margin at the time of recurrence. 
They proposed that the reasons for loss of T-cell cytotoxic 
activity were attributed to lack of sensitivity to effector 
molecules by cancer cells and diminished tumor antigen 
recognition.

To explore the biology underlying acquired resistance, 
Zaretsky et al. commenced by studying 78 patients from 
the University of California, Los Angeles with metastatic 
melanoma who were treated with pembrolizumab, an anti-
PD-1 antibody. Of this cohort, 4 patients were found to 
have exhibited promising initial response, followed by 
a period of dormancy and abrupt delayed progression. 
This clinical pattern of relapse fueled a hypothesis that 
there were tumor mutations contributing to the immune-
mediated clonal selection underlying tumor growth. To 
investigate this theory, whole-exome sequencing analysis 
was performed on the DNA extracted from baseline and 
relapsed solid tumors of the four patients or early-passage 
primary cell lines. As expected, there were a number of 
genetic similarities between the tissues extracted from the 
two time points.

A comparison between the genomic compositions 
of baseline and relapsed tumors from Patient 1 showed 
an abundance of paralleled nonsynonymous mutations 
and loss of heterozygosity events. Surprisingly, 92.5% 
of the 1,173 nonsynonymous mutations originally in the 
baseline samples were also present in tumors at the time 
of relapse. Moreover, there was close similarity in loss-
of-heterozygosity (LOH) events between baseline and 
relapsed tumors. Since LOH is known to be involved in the 
process of exposing a mutated suppressor gene following 
the deletion of the wild type allele at a particular locus (11), 
it was unsurprising that this genetic event was so prominent 
in patients who progressed. Zaretsky et al. reasoned that 
genetic differences in the relapsed tumors might have also 
been attributed to additive effects of the LOH events. 
Moreover, new mutations were discovered in tumor samples 
procured from Patient 1 after progression.

Of the 53 new mutations in the relapsed samples of 
Patient 1, there were 3 homozygous mutations identified. 
The Q503* nonsense mutation in the gene encoding Janus 
kinase (JAK1) was of particular interest in this study because 
defects in the JAK/STAT signal transduction pathway have 
been previously associated with loss of growth-restraining 
functions in human melanoma cell lines (12,13). Since the 
mutation in Patient 1 was upstream of the kinase domain, 

Zaretsky et al. hypothesized that it likely truncated the 
protein and disrupted its functional capacity. In Patient 1, 
the chromosome that contained JAK1 (chromosome 1p) 
housed 36 fewer heterozygosity mutations and 20 more 
homozygous mutations at relapse than at baseline.

Findings from Patient 2 show that relapsed tumors 
had 95.8% of the 240 nonsynonymous mutations seen in 
baseline tumors. Of the 76 new nonsynonymous mutations 
detected at relapse, JAK 2 was the only homozygous 
mutation. This mutation, contained in chromosome 9, 
likely underwent a LOH event comparable to that seen in 
JAK 1. Together, the similar genetic makeup of baseline 
and relapsed tumors seen in Patient 1 and 2 allow for the 
hypothesis that anti-PD-1 resistant cancers are derived 
directly from baseline tumors and precede clonal selection.

After identifying the JAK mutations, Zaretsky et al. 
proceeded to assess how the disruption of the JAK/STAT 
pathway affected cell function. Cell lines M420 (wild-
type JAK2) and M464 (JAK2 F547 splice site mutation) 
were developed to represent baseline and relapsed tumors, 
respectively. In order to confirm that the M464 cell line 
was a genuine and comprehensive representation of the 
original tumor, whole-exome genome analysis was used 
for comparison between the two. Western blots were 
subsequently employed to investigate whether the cell 
lines responded differently to signaling molecules. Upon 
stimulation from interferon alfa, beta, and gamma in the 
M420 cell line, there was expected increase in the signal 
transducer and activator of both transcription 1 (STAT1) 
and interferon regulatory factor (IRF), phosphorylation of 
STAT1, and downstream production of PD-L1, antigen 
processing 1 (TAP1), and major histocompatibility complex 
(MHC) class I. In other words, the interferon alfa, beta, 
and gamma signal transduction pathways were functioning 
as expected in the wild-type M420 cell line. In M464, 
however, there was only a noted response to interferon alfa 
and beta stimuli, but a clear loss of sensitivity to interferon 
gamma. The Western blot analysis revealed significantly 
decreased expression of pSTAT1, PD-L1, and MHC class I 
after exposure to interferon gamma. Moreover, there was a 
decrease in expression of several interferon-induced genes 
in M464. These results were aligned with the well-studied 
JAK/STAT pathway, where dimerization of interferon 
gamma receptors leads to activation of JAK1 and JAK2, 
followed by subsequent phosphorylation of STAT (14). 
With the data from Zaretsky et al., it is feasible that the 
disruption of the JAK/STAT pathway facilitated tumor 
outgrowth by reducing the antitumor effects of interferon 
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signaling.
Interferon gamma has been recognized as a critical 

cytokine associated with host defense and antitumor 
mechanisms. The interferon gamma induced JAK/STAT 
signal transduction pathway participates in processes of 
antiviral and bacterial defense, innate immunity, acquired 
immunity, and cell growth inhibition (15,16). As a result 
of the diverse immunomodulatory effects mediated by 
interferon gamma, particularly cell growth arrest, a loss 
of response to this cytokine can render the host immune 
system vulnerable to neoplastic growth (17). Zaretsky  
et al. presented provocative evidence that JAK1 and JAK2 
mutations prevent the cytotoxicity of interferon gamma and 
contribute to tumor escape.

In an attempt to validate the initial results, additional 
cell lines were developed and modified for in vitro cultures. 
Human melanoma cell line M407 was established using 
CRISPR Cas9, which was in turn used to engineer JAK1-
knockout and JAK2-knockout sublines. M407 and its 
sublines expressed NY-ESO-1, the cancer-testis antigen, 
which allowed them to interact with T cells expressing 
NY-ESO-1-specific T-cell receptors. Together, these cell 
lines provided a means to study T-cell cytotoxic activity in 
patients with JAK1 and JAK2 mutations. After 24 hours 
of in vitro culture, the high levels of interferon gamma 
production confirmed that the NY-ESO-1-specific T-cell 
receptors recognized the M407 parental line and its two 
sublines equally. Next, the M420, M464, M407, JAK1-
knockout, and JAK2-knockout cell lines were cultured 
with recombinant interferon alfa, beta, and gamma. M420 
and M407 served as negative controls; the two cell lines 
responded to all three interferon cytokines with expected 
dose-dependent growth arrest. However, the M464 and 
JAK2-knockout subline only experienced interferon alfa 
and beta induced growth inhibition, but lacked a response 
to interferon gamma signaling. Alternatively, the JAK1-
knockout subline was unresponsive to all three cytokines. 
Since JAK1 is downstream of interferon alfa, beta, and 
gamma, it is reasonable that the mutation in JAK1 
disrupted all associated signaling transduction pathways. 
In order to ensure that these effects were not a result of a 
general decrease in T-cell recognition, the cell lines were 
cultured with 2'3'-cGAMP, a known cytosolic agonist of the 
stimulator of interferon genes (STING), which upregulates 
interferon beta. As expected, treatment with 2'3'-cGAMP 
induced growth inhibition of all cell lines except the JAK1-
knockout subline of M407. Collectively, these results again 
stress the importance of JAK1 and JAK2 in the interferon 

gamma signaling pathway, which consequently plays a role 
in preventing tumor progression.

Aside from the detrimental effects of tumor cell 
insensitivity to effector molecules, as shown through 
Patient 1 and Patient 2, loss of antigen presentation as 
a result of mutations in MHC class I components also 
disrupts cytotoxic T-cell activity. Following whole-genome 
sequencing of both pre-treatment and post-treatment 
progressive lesions of Patient 3, a 4-bp S14 frame-shift 
deletion in exon 1 of beta-2-microglobulin was identified as a 
relapse-specific homozygous mutation. Beta-2-microglublin 
is a soluble protein that plays a central role in MHC 
class I molecule folding and cell surface localization (18).  
Despite the continued production of MHC class I molecules 
in Patient 3, there was a loss of outer-membrane localization 
of this heterodimer. Additionally, there were no observed 
MHC compensatory mechanisms, such as an upregulation 
of MHC class II molecules. These results support previous 
discoveries that loss of beta-2-microglublin allows antigens 
to evade recognition by antitumor CD8+ T cells, ultimately 
leading to acquired resistance to immunotherapy (18).

Though loss-of-function mutations were found in 
Patients 1, 2, and 3, there was no clear genetic explanation 
for the immune-resistant progression observed in Patient 4. 
Immunohistochemical staining analyses of baseline tumor 
samples from the first three patients yielded preexisting 
CD8 T-cell infiltrates and PD-L1 expression in the tumor 
margin, which are acknowledged predictors of response 
to PD-1 blockade therapy (9). The tumor biopsy sample 
from Patient 4 at time of response revealed a significant 
increase in intratumoral CD8 T-cell infiltrates and  
PD-L1 expression, but PD-L1 expression was not present at 
baseline or relapse. This lack of PD-L1 expression at either 
time points was interesting because of the close proximity 
of cancer cells to T cells and PD-L1-expressing stroma. 
These observations fed the notion that there are nongenetic 
factors influencing expression of interferon-inducible genes. 
This presents alluring opportunities for future research 
efforts on alternative routes of gene induction, presumably 
through epigenetic mechanisms (16).

While Zaretsky et al. drew a relationship between 
inactivation of interferon induced JAK1 or JAK2 signaling 
and adaptive immune resistance, there has been evidence 
suggesting that activation of JAK/STAT signaling can also 
drive malignancies to some degree (19). Though STAT1 
has been shown to be a primary transactivator downstream 
of interferon gamma (20,21), other transactivators are also 
subject to interferon gamma signaling, such as STAT3 (22,23). 
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A number of clinical investigations have confirmed the role of 
activated STAT3 as an oncogene, mediating proteins that are 
involved in cancer cell proliferation and angiogenesis (24-26). 
Such findings even inspired a Phase I study that administered 
AZD1480, an inhibitor of JAK1 and JAK2, as a monotherapy 
to treat 38 patients with solid tumors. While there was a 
reduction in PSTAT3 within granulocytes of one patient, 
indicated by an analysis of pre- and post-treatment tumor 
biopsies, there was an overall lack of significant antitumor 
effects with the use of AZD1480 (27).

Though this study presents the novel insight into the 
mechanism of adaptive resistance, there remain areas of 
possible contention. Firstly, the number of tumors and 
patients profiled is very small and the nature of the analyses 
indicates the possibility that these mutations are not causal. 
Additionally, there was a treatment history inconsistency 
in the study cohort because one patient was not treatment 
naïve at the time of starting pembrolizumab. Patient 1 
had been administered a course of vemurafenib, a BRAF 
inhibitor, after baseline biopsy procurement and prior to 
initiation of pembrolizumab. The effects of using targeted 
therapy prior to anti-PD1 treatment are not yet completely 
understood. Next, the study failed to thoroughly explain 
the acquired resistance observed in Patient 4. It was merely 
proposed that unknown nongenetic factors contributed to 
tumor outgrowth. Furthermore, whole exome sequencing 
analysis of samples acquired at time points before anti-
PD1 treatment and after relapse may suggest a correlation 
between JAK mutations and tumor progression, but it 
does not exclude the possibility of other factors influencing 
immune evasion. The argument for direct causation 
would have been more compelling if there was evidence 
that the onset of progression occurred momentarily after 
and as a result of JAK dysregulation. However, the tumor 
responses were evaluated periodically every 12 weeks, so 
the precise start of progression could not be determined, 
especially during the period between imaging assessments. 
Sequencing analysis was only performed on relapsed tissue 
after its detection, so it was ambiguous whether progression 
occurred prior to or after the emergence of the JAK 
mutations.

To study the JAK mutations and their role in the 
interferon gamma signaling pathway, human melanoma 
cell lines were engineered for in vitro analysis. While the 
application of in vitro co-culture assays facilitated the 
understanding of interferon signaling pathways, differences 
between in vitro and in vivo processes must be taken 

into account. Historically, in vitro tumor cell lines have 
provided efficient platforms to study therapy resistance (28).  
However, there are biological differences between in 
vitro tumors and in vivo human neoplasms, ranging from 
dissimilarities in immunogenicity to the tumor-host 
interaction (29). As a result, the in vitro cell lines and assays 
used to explain the functional effects of the JAK1 and JAK2 
mutations were likely not comprehensively representative of 
melanomas within the human body. As a consequence, there 
may be other genetic and epigenetic mechanisms inducing 
the acquired resistance to anti-PD1 therapy within the 
body, aside from the noted JAK mutations studied in vitro.

Zaretsky et al. nevertheless contributed considerably to 
the understanding that the JAK/STAT pathway mediates 
cell-growth arrest. The study was certainly hypothesis-
generating, focusing on the roles of JAK1 and JAK2 
mutations in interferon gamma signaling insensitivity 
and tumor progression. Further investigation is required 
to corroborate these findings. It may also be noteworthy 
to explore the molecular processes behind relapses from 
metastatic melanoma patients who received other treatment 
options, such as anti-CTLA4 therapy, combination 
immunotherapies, and targeted therapies. Additionally, 
while this study investigated a patient population with 
acquired response to PD-1 inhibition, there are many 
cancer patients who lack an initial objective response to 
checkpoint blockade therapy (30). Research endeavors 
have already been initiated towards identifying predictive 
biomarkers for response to treatment. Understanding the 
molecular pathways involved in both initial response and 
delayed relapse for anti-PD1 treatment is essential for 
clinical efficacy.

In conclusion, PD-1 therapy is one of several therapeutic 
agents championing tumor immunosurveillance in patients 
with advanced melanoma. The success of treatment heavily 
relies on the ability of cytotoxic T cells to recognize tumor 
associated antigens. There is evidence suggesting that 
dysfunction of the JAK/STAT signal cascade pathway is key 
in allowing tumor escape and progression. Similarly, the 
role of STAT family transcription factors in MHC class I 
and MHC class II expression on the surface of neoplastic 
cells further emphasizes the functional significance of 
interferon gamma in stimulating the JAK/STAT pathway. 
Monitoring changes in the tumor profile through whole 
genome sequencing provides a comprehensive index of 
therapeutic targets and paves the way to improving patient 
prognosis with immunotherapeutic intervention.
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