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BSTRACT 

umors defective in DNA mismatch repair (dMMR) 
xhibit microsatellite instability (MSI). Currently, pa- 
ients with dMMR tumors are benefitted from anti- 
D-1 / PDL1-based imm une chec kpoint inhibitor (ICI) 

herapy. Over the past several years, great progress 

as been made in understanding the mechanisms 

y which dMMR tumors respond to ICI, including 

he identification of mutator phenotype-generated 

eoantigens, cytosolic DNA-mediated activation of 
he cGAS-STING pathway, type-I interferon signaling 

nd high tumor-infiltration of lymphocytes in dMMR 

umor s. Although ICI therap y sho ws great clinical 
enefits, ∼50% of dMMR tumors are e ventuall y not 
esponsive. Here we re vie w the discovery, develop- 
ent and molecular basis of dMMR-mediated im- 
unotherapy, as well as tumor resistant problems 

nd potential therapeutic interventions to o ver come 
he resistance. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

NA mismatch repair (MMR) is an important genome- 
aintenance system by specifically removing misincorpo- 

ated nucleotides in the newly synthesized strand during 

NA replication. Loss of the MMR function, due to either 
utations or promoter h ypermeth ylation of MMR genes, 

eads to a mutator phenotype and de v elopment of various 
ancers displaying frequent alterations in simple repetiti v e 
NA sequences ( 1–5 ), a phenomenon called microsatellite 

nstability (MSI). In human cells, the minimal activities es- 
ential for MMR include MutS � (MSH2-MSH6), MutS �
MSH2-MSH3), MutL � (MLH1-PMS2), proliferating cell 
uclear antigen (PCNA), exonuclease 1 (Exo1), replication 

rotein A (RPA), replication factor C (RFC), DN A pol y- 
erase �, and DNA ligase I ( 6 , 7 ). 
MMR is nick-directed, and specifically targeted to the 

ewl y synthesized DN A strand ( 8 , 9 ). The MMR reaction is
arried out in three phases: initiation, excision, and resyn- 
hesis (Figure 1 ). The initiation phase involves mismatch 
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Figure 1. MMR reaction. MMR is targeted to the newly-synthesized (nicked) strand and can be divided into three steps: initiation, excision, and resynthesis. 
The initiation reaction involves mismatch recognition by MutS � or MutS � and subsequent interactions / communications among MutS �/ �, MutL � and 
PCN A, w hich results in Exo1 recruitment at a nick generated by MutL �. In the excision phase, the nicked DNA strand is excised from the MutL-generated 
nick up to and beyond the mismatch in a manner depending on MutS �/ �, MutL �, and RPA. Once the Exo1-catalyzed excision approches the mismatch, 
MutS � or the MutS �-MutL � complex slides away fr om the mismatch, pr oviding Exo1 the opportunity to excise the mismatch. The excision is then 
terminated by the interaction between MutL � and Exo1. The DN A ga p is filled by DN A pol ymerase � in concerted reactions with RFC, PCNA and RPA, 
and the nick is ligated by ligase I. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

recognition by MutS � or MutS �, assembly of the initia-
tion complex containing MutS � (or MutS �), MutL � and
PCNA, localization of the strand discrimination signal (i.e.
a single strand nick) that can be se v eral hundred base pairs
away from the mismatch. This large protein-DNA complex
activates the MutL � endonuclease activity ( 10 ) to make a
single strand break ∼20 bp away 5 

′ to the mismatch on the
nicked strand ( 11 ). Exo1 is then recruited to the MutL �-
created nick to initiate the excision r eaction (Figur e 1 ). Dur-
ing the excision phase, Exo1 excises the nascent DNA strand
from the MutL �-created nick toward the mismatch to gen-
erate a single-strand DN A ga p, w hich is protected by RPA
from nuclease digestion ( 7 , 12 ). Once the Exo1-catalyzed ex-
cision reaches the MutS �- or MutS �-MutL �-occupied mis-
match, MutS � or the MutS �-MutL � complex slides away
from the mismatch, yielding the right of way to Exo1 so that
the mispaired base can be excised ( 11 ). Upon mismatch re-
moval, the Exo1-catalyzed excision is terminated by MutL �
through the physical interaction between these two pro-
teins ( 7 ), as depleting MutL � or disrupting the MutL �-
Exo1 interaction leads to uncontrolled Exo1 excision ( 7 , 13 ).
During the resynthesis phase of MMR, DN A pol ymerase
� fills in the single-strand DN A ga p left by DNA exci-
sion, in a concerted reaction that r equir es RFC, PCNA and
RPA, followed by DNA ligase I-catalyzed nick ligation
(Figure 1 ). 

The mutator phenotype renders MMR-deficient cells
highly resistant to many commonly used chemotherapeutic
drugs such as cisplatin and alkylating agents ( 14 , 15 ). This
is because an acti v e MMR system recognizes chemically-
modified DNA lesions located on the template DNA
strand, but its targeted repair on the newly synthesized
strand fails to remove the chemical adducts, which triggers
a new round of lesion recognition and processing ( 16 ). This
results in a futile repair cycle that can pro vok e apoptosis
(Figure 2 A) ( 17 , 18 ). Alternati v el y, binding of DN A lesions
by MutS � can directly trigger ATR- or ATM-mediated
apoptosis (Figure 2 A) ( 17 ). Howe v er, MMR deficient cells
have lost their ability to recognize and / or process chemi-
cally induced lesions, and ther efor e fail to induce apopto-
sis. Thus, they become tolerant to chemotherapeutic drugs.
This resistant feature posts great therapeutical challenges
to patients defecti v e in MMR (dMMR). Strikingly, re-
cent studies have shown that dMMR (also r eferr ed to as
high frequency of MSI, MSI-H) tumors, regardless of tu-
mor types, are highly responsi v e to immune checkpoint
inhibitors (ICIs), particularly antibodies against the pro-
grammed death 1 (PD-1) and programmed death ligand 1
(PD-L1) ( 19 , 20 ). Ther efor e, imm unothera py has become an
important direction for cancer treatment, being regarded
as the fourth leading cancer treatment technology after
surgery, r adiother apy, and chemother ap y. In this r e vie w, we
will focus on the molecular mechanisms by which dMMR
facilitates imm unothera py. 

MMR-deficient tumors display a mutator phenotype 

It is well established that dMMR induces an elevated mu-
tation frequency. The mutations include various base-base
substitutions and small insertions / deletions in any region
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Figure 2. Models for MMR-induced DNA damage response and MMR deficiency-induced tumorigenesis. ( A ) Schematic model for MMR-mediated 
damage response. In the futile repair cycle model, the MMR system recognizes chemically-modified DNA lesions located on the template DNA strand, 
but it fails to remove the DNA adducts, because the repair only targets on the newly synthesized strand. This leads to a new round of lesion recognition and 
processing, inducing a futile repair cycle. The futile cycle activates ATM or ATR signaling and induces cell cycle arrest or apoptosis. In the direct signaling, 
MutS and MutL complex es r eco gnize the DN A lesion and recruit ATM or ATR to dir ectly induce downstr eam signaling. ( B ) Model for MMR deficiency- 
induced tumorigenesis. Microsatellite sequence r epr esents a DNA fragment with simple repetiti v e nucleotides like single nucleotide or dinucleotide repeats. 
During DNA replica tion, microsa tellite sequence is frequently associated with insertion or deletion errors (TT insertion on daughter strand is shown). 
These errors can be r eadily corr ected by the MMR system. Howe v er, in cells defecti v e in MMR, these errors r emain unpair ed and cause frame-shift and 
other mutations in the next cell cycle. Mutations in genes critical for cellular functions, such as DNA damage response, cell cycle checkpoints, apoptosis 
and proliferation, lead to cancer de v elopment. 
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f a gene. Many of these mutations result in a truncated 

olypeptide or a loss of function full-length protein. Gi v en 

he importance of MMR in genome maintenance, it is ex- 
ected that loss of the MMR function causes human dis- 
ases. Howe v er, this was not confirmed until 1993, when 

SI was first identified in certain colorectal cancers ( 21– 

3 ) and these MSI tumor cells were found to be defecti v e
n MMR ( 24 ). Subsequently, MSI was also detected in a 

ide variety of non-colonic tumors ( 25 ), including bladder, 
reast, cervical, endometrial, gastric, lung, head and neck 

quamous cell carcinoma, prostate, ovarian, and skin tu- 
ors, as well as glioma, leukemia, and lymphoma ( 26 ). Bio- 

hemical and genetic studies have revealed that these MSI 
umors have lost their MMR activity ( 27–31 ), contained 

utations in key MMR genes MLH1 , MSH2 and MSH6 

 32–40 ) or had a h ypermeth ylated MLH1 promoter ( 41– 

3 ), which silences the MLH1 expression. 
In addition to causing frequent alterations in long-stretch 

imple repetiti v e sequences, dMMR also leads to increased 

ates of insertion / deletion mutations in gene coding regions 
ith short repetiti v e nucleotide sequences, which dri v es 

rame-shift mutations. In the presence of an acti v e MMR 

ystem, insertion / deletion mispairs can be readily corrected 

sing the parental strand sequence as the template dur- 
ng the repair DNA synthesis (Figure 2 B, left). Howe v er, 
n dMMR cells, the insertion / deletion heteroduplex stays. 
n the next cycle of DNA replication, the error-containing 
trand (the previous daughter strand) now serves as the 
emplate strand for DNA replication, leading to insert- 
ng two nucleotides in the new daughter stand (Figure 2 B, 
ight). Marko witz and co w ork ers found that colorectal can- 
er cells with MSI harbor muta tions a t short microsatel- 
ite sequences (GT) 3 and (A) 10 in the gene coding trans- 
orming growth factor- � type II receptor (TGF �R2), which 

ause frame-shift mutations that lead to truncated prod- 
cts of TGF �R2 ( 44 ). Similar ly, fr ame-shift mutations in 

oding microsatellite sequences of other important genes, 
ncluding MBD4, BLM, RAD50, MLH3, CHK1, MSH3, 

SH6, PTEN, BAX and caspase-5, were also identified (re- 
iewed in (45) ). Thus, tumors with defecti v e MMR genes 
arbor increased genome-wide mutations, leading to a mu- 
ator phenotype and cancer de v elopment. These frameshift 
utation-induced proteins can be degraded into small pep- 

ides by the proteasome system, thereby generating neoanti- 
ens (Figure 2 B, right). 

he principle and r equir ement of cancer immunother ap y 

s an effecti v e defense mechanism, the human immune sys- 
em pre v ents infections and protects us from many diseases 
ncluding cancer ( 46 ). By distinguishing self and non-self 
ubstances through the molecular interaction between T cell 
 eceptors (T CRs) and large peptide complex es with ma- 
or histocompatibility complex (MHC) class I molecules 
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located on the surface of cells ( 47 , 48 ), the immune sys-
tem is tolerance to its own components, but removes non-
self elements ( 49 ). Interestingly, although there are obvious
differences between normal cells and cancer cells, the im-
mune system fails to eliminate cancer cells from our bod-
ies. This is because (i) cancer cells are deri v ed from nor-
mal cells ( 50 , 51 ), and have ther efor e ‘inherited’ all systems
from normal cells; (ii) because of mutations, cancer cells
usually adopt altered signaling pathways and / or a defec-
ti v e immune system; (iii) cancer cells also produce many
factors (e.g. immunosuppressi v e cytokines) that suppress
the immune system ( 52 , 53 ); (iv) cancer cells are often as-
sociated with exhausted T cells that express multiple in-
hibitory receptors and have lost the anti-tumor function.
This may explain why immunotherapy is effecti v e to some
but not all patients. Howe v er, the use of ICIs, which disrupt
the communications between T cells and cancer cells, has
been a revolutionary strategy in cancer treatment ( 54 ). Im-
mune checkpoint proteins, such as PD-L1 on tumor cells
and PD-1 on T cells, help keep immune responses under
control. When PD-1 on the surface of T cells recognizes
and bind to PD-L1 on the surface of tumor cells, they send
an ‘off ’ signal to the T cells to pre v ent the immune sys-
tem from destroying the tumor cells. Howe v er, ICIs pem-
brolizuma b and nivoluma b (PD-1-specific monoclonal an-
tibodies) block PD-1 from binding with PD-L1. This pre-
vents the ‘off ’ signal from being sent, allowing the T cells to
kill tumor cells. 

Tumor micr oenvir onment (TME) is infiltrated with vari-
ous immune cells, including T cells, B cells, macrophages,
NK cells and other monocytes, which constitute the im-
mune system against tumor progression ( 55 ). Howe v er, tu-
mors have emerged multiple strategies to evade immune
surveillance, including promoting T cell exhaustion by over-
expr essing inhibitory r eceptors PD-1, cytotoxic T lympho-
cyte antigen-4 (CTLA-4), LAG-3 and / or TIM-3 in T cells,
while expressing PD-L1 in tumor cells or other immune cells
( 56 ).These inhibitory receptors can recognize and bind to
their ligands, which pre v ents T cell from destroying tumors.
T cell exhaustion occurs when T cells are exposed to persis-
tent tumor antigens, but the exhausted T cells can be revital-
ized with ICIs, which is regarded as a common mechanism
to rejuvenate anti-tumor immunity ( 57 , 58 ). For instance,
CTLA-4 competes with CD28 to bind to CD80 / 86 on the
surface of dendritic cells, which blocks antigen-presenting
cell-mediated T-cell priming and activation. Thus, using
anti-CTLA-4 antibody can inhibit the interaction between
CTlA-4 and CD80 / 86, recovering T-cell priming and pro-
moting anti-tumor immunity ( 59–61 ). In addition, the in-
hibitory signaling activated by PD-1 or PD-L1 binding
also limits T cell activity and promotes T-cell exhaustion,
which can be re v ersed by anti-PD-1 or anti-PD-L1 antibody
( 62 , 63 ). Based on the ligand-receptor inhibitory checkpoint
signaling in TME, multiple antibodies have been de v eloped
to pre v ent this interaction and to acti vate T-cells to kill tu-
mors, which lead to the de v elopment of ICI therapy. How-
e v er, the de v elopment of T cell e xhaustion during treatment
also results in resistance of cellular imm unothera py ( 57 , 58 ).
How this can be pre v ented requires thorough investigations.

Imm unothera py was initiall y demonstrated to benefit
cancer treatments of melanoma, as ICIs ipilimumab (tar-
geting CTLA4), pembrolizumab and nivolumab (targeting
PD-1) were shown to improve the survival of metastatic
melanoma patients for ≥10 years ( 64–67 ). Subsequently,
these ICIs were also found to be effecti v e for non-small-
cell lung cancer (NSCLC) ( 68–70 ). Efforts to identify the
biomar kers responsib le for the ICI sensiti vity hav e re v ealed
tha t the dif fer ence between the ICI-r esponsi v e and non-
responsi v e melanoma and NSCLC is the degree of tumor
mutation burdens (TMB). In comparison to tumors that
do not respond to imm unothera py, the ICI-responsi v e tu-
mors display high le v els of mutations ( 71 , 72 ), suggesting
that high tumor mutation burdens (TMB-H) benefit im-
m unothera py. This is likely because these mutations cause
protein truncations, leading to the production of short pep-
tides, which can function as neoantigens to stimulate the im-
mune response. Indeed, it has been shown that neoantigens
are mainly tumor-specific and are deri v ed from mutations in
tumor cells ( 73 ). They are ideal targets for T cells to recog-
nize cancer cells to trigger anti-tumor r esponse. Ther efor e,
neoantigens are key components in cancer imm unothera py.

MMR-deficiency benefits checkpoint blockade immunother-
apy 

As discussed above, dMMR tumors exhibit a mutator phe-
notype, characterized with MSI and elevated frame-shift
muta tions ( 4 ). W hen insertion / deletion muta tions occur in
coding regions of a gene, they induce frame-shift muta-
tions and truncated polypeptides or mutated proteins ( 74–
76 ). These mutated proteins are not stable and can be eas-
ily degraded into peptides, which act as tumor neoanti-
gens to form neoantigen-MHC I complex. The latter is then
specificall y reco gnized by cytotoxic CD8 

+ T cells. The in-
creased mutations in dMMR tumor cells provide a reser-
voir of neoantigens, thereby increasing the infiltration of
immune cells and triggering host immune response. Other
single-nucleotide substitution-induced somatic mutations
in dMMR tumors also increase the non-self mutant pep-
tides and enable the generation of neoantigen to stimulate
immune response ( 74–78 ). These properties make dMMR
tumors excellent candidates for the ICI therapy. 

Le et al. ( 19 ) conducted a phase 2 clinical trial by treat-
ing 41 patients with progressi v e metastatic carcinoma with
anti-PD-1 antibody pembrolizumab and found that 40%
(4 of 10) and 78% (7 of 9) of dMMR colorectal can-
cer (CRC) patients obtained immune-related objecti v e re-
sponse and progr ession-fr ee survival (PFS), respectively,
but none (0 of 18 patients) objecti v e response and 11% (2
of 18 patients) PFS were observed in microsatellite-stable
(MSS) CRC patients. Similar r esults wer e also obtained in
dMMR non-CRC pa tients. These observa tions clearly in-
dica te tha t pa tients with dMMR tumors acquired clinical
benefit from ICI therapy ( 19 ). Their continued clinical trial
inv olving lar ger cohorts of patients with dMMR tumors
( n = 86) across 12 different tumor types showed essentially
the same result, with 53% (46 in 86 patients) objecti v e re-
sponse and 21% (18 in 86 patients) PFS ( 20 ), further con-
firming that the dMMR status benefits ICI therapy. This
conclusion has been supported by other clinical trials ( 79–
85 ), as well as a number of animal studies using various
models with depleted MLH1 or MSH2 , including those
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f murine syngeneic CRC, breast cancer, pancreatic can- 
er and melanoma ( 74 , 76 ). In addition, Le et al. also ob-
erved rapid expansion of neoantigen-specific T cell clones, 
hich can react with mutant neopeptides in the tumor ( 20 ), 

uggesting that the mutator phenotype-generated neoanti- 
ens in dMMR tumors render them sensiti v e to ICI therapy. 
onsequentl y, FDA a pproved the ICI treatment for dMMR 

umors in 2017. Howe v er, although all dMMR tumors e x- 
ress a high-le v el of neoantigens, not all of them respond 

o the ICI therapy, suggesting that additional mechanisms 
egulate the ICI therapy in dMMR tumors. 

MMR triggers activation of the cGAS-STING pathway 

he cytosolic DNA sensor cyclic GMP-AMP synthase 
cGAS), a critical factor in the innate immune response 
athway, has been shown to be essential for anti-PD-L1 

herapy in animal models ( 86 ). Upon binding cytosolic 
NA, cGAS synthesizes the second messenger molecule 

yclic GMP-AMP (cGAMP), which, in turn, binds and ac- 
ivates the adaptor stimulator of interferon genes (STING). 
he activated STING then triggers a signaling cascade 

hat induces type I interferons (IFNs) and other immune 
olecules ( 87 , 88 ). Since cGAS recognizes endogenously de- 

i v ed tumor DNA to induce innate immune response to en- 
ance anti-tumor immunity ( 86 , 89–92 ), it is possible that 
GAS is a r equir ed component for dMMR-mediated im- 
 unothera py. 
We tested this hypothesis using MLH1 -deficient 

dMLH1) murine syngeneic CRC, breast cancer and 

elanoma as models ( 13 , 93 ). As expected, tumors derived 

rom dMLH1 cancer cells are highly responsi v e to ICI 
r eatment ( 93 ). Inter estingly, we found that the dMLH1 

umor cells are associated with large quantity of cytosolic 
NA, activa ted cGAS-STING pa thway, increased produc- 

ion of type-I interferon, enhanced dendritic cell-mediated 

 cell priming and enriched tumor-infiltrating lymphocytes 
TILs) ( 93 ), suggesting that the cGAS-STING-type I 
FN signaling pathway is involved in dMMR-mediated 

mm unothera p y (Figur e 3 ). Consistently, our clinical 
a ta showed tha t dMLH1 tumor pa tients who express 
ormal le v els of cGAS and STING responded very well 
o anti-PD-1 treatment, but those who express no or 
ow le v els of cGAS or STING failed to respond to the
rea tment ( 93 ). These observa tions also indica te tha t cGAS
nd STING, as well as their downstream factors, are 
ndependent ICI-therapy predictor for dMMR (at least 
MLH1) tumors. 
The question is how dMLH1 activates the cGAS-STING 

nnate immune sensing pathway. It is known that activa- 
ion of the cGAS-STING pathway is associated with DNA 

amage-induced genome instability, which leads to the for- 
ation of micronuclei and cytosolic DNA release ( 94 , 95 ). 
LH1, a subunit of the MutL � heterodimer ( 96 ), func- 

ions together with its partner PMS2 to initiate the MMR 

eaction by interacting with MutS � ( 11 ) and to negati v ely 

egulate Exo1 

′ s nuclease activity upon mismatch removal 
 7 , 11 ). In addition to participating in MMR, MLH1 is also
nvolved in repairing double strand DNA breaks (DSBs) 
 97 ), which may explain why dMLH1 cancer cells exhibit 
SBs ( 98 ). Similarly, Exo1 is also a DSB repair factor 
y conducting the DNA end resection to facilitate homol- 
gous recombina tion-media ted DSB repair ( 99–101 ). Be- 
ause DNA hyper-resection is mutagenic and toxic to the 
enome ( 102 ), Exo1-catalyzed DNA end resection must be 
roperly regulated, and MutL � could be the factor that reg- 
la tes the Exo1-ca talyzed end resection, as it is in MMR ( 7 ).
her efor e, loss of MLH1 may cause Exo1-catalyzed hyper- 
xcision, which leads to genome instability and activation 

f the cGAS-STING pathway. 
Indeed, Guan et al. ( 13 ) showed that in dMLH1 tumor 

ells, Ex o1 under goes uncontrolled DNA end resection. In 

itro end resection assay using a purified system re v ealed 

ha t MutL � regula tes Exo1 

′ s nuclease activity via its phys- 
cal interaction with Exo1, as disrupting the MLH1-Exo1 

nteraction leads to uncontrolled DNA end resection. The 
yper-ex cision b y Ex o1 causes the formation of lar ge quan- 
ity of ssDNA and RPA exhaustion, DNA breaks, and e v en- 
ually chromosome abnormalities. This results in the release 
f nuclear DNA into the cytoplasm to activate the cGAS- 
TING pathway, thereby leading to increased chromosome 
berrations and accumulation of cytosolic DNA ( 13 ). 

Howe v er, our studies have also raised many questions. 
irst, because MLH1 and EXO1 double-knockout cells 
isplay reduced cytosolic DNA and interferon production 

n comparison to cells with MLH1 knockout alone ( 13 ), 
oes loss of Exo1 function abolish ICI therapy? If this is 
rue, the status of Exo1 can be used as a prognostic pre- 
ictor for dMMR tumors. Second, dMMR is known to 

ause base-base substitution and small insertion-deletion 

utations, but we observed chromosomal abnormalities in 

MLH1cells ( 13 ). This appears to be consistent with a pre- 
ious study showing that Mlh1 -knockout mice, which are 
nfertile because of pr ematur ely separated chromosomes 
nd unsuccessful completion of recombination, display ab- 
ormal crossover in meiosis and severely damaged chro- 
osomes ( 103 ). How does chromosomal instability (CIN) 

ccur in dMLH1 cells? Jardim et al. reported that partial 
nockdown of ATR or Chk1 in multiple dMLH1 CRC 

ines resulted in cells displaying a CIN phenotype, includ- 
ng chromosomal breaks and gaps, chromosome bridge, 
nd micronuclei formation ( 98 ). It is possible that the ob- 
erved CIN phenotype in these dMLH1 cells and animals 
re caused by Exo1-generated ssDN A, w hich can be de- 
raded by nucleases, particularly when RPA is exhausted. 
 ha t are these nucleases? Are they essential for dMMR- 
ediated imm unothera py? Third, does loss of other key 

MR components, such as MSH2 and MSH6, induce cy- 
osolic DNA and cGAS-STING activation? Finally, irra- 
iation strongly increases MLH1 knockout-associated ac- 
umulation of cytosolic DNA and cGAS-STING mediated 

mmune response ( 13 ), can irradiation enhance the response 
f ICI therapy in dMLH1 and other dMMR tumors? These 

nteresting questions await future investigations. 

MMR reshapes tumor micr oenvir onment 

he most e valuab le feature for an effecti v e ICI therapy is
he density of TILs in TME. Indeed, dMMR tumors across 
arious tumor types are associated with high infiltration of 
ytotoxic T cells and other l ymphocytes, w hich may con- 
ribute to better imm unothera p y r esponse. For instance, in 
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Figure 3. Mechanisms by which dMMR tumors respond to anti-PD-1 therapy. Defects in MMR cause genome-wide mutations, and some of these mu- 
tations produce m utated proteins, w hich can be packaged into proteasomes for degradation to genera te muta ted peptides. The mutated peptides are then 
loaded to MHC-I complex and processed as neoantigens for antigen pr esentation, r esulting in high imm uno genicity of dMMR tumors. In addition, dys- 
function of MLH1, a subunit of MutL �, also leads to Exo1-mediated hyperexcision and accumulation of cytosolic DN A fragments, w hich activates the 
cGAS-STING pathway and the type-I interferon signaling. The type-I interferons then promote ma tura tion of dendritic cells and T cell priming. With 
increased neoantigens, dMMR tumors are infiltrated with high densities of T lymphocytes to promote anti-PD-1 / anti-PD-L1 therapy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tients with dMMR tumors lack TILs. 
a phase III trial, 561 stage III CRC patients consisting of
278 dMMR cases and 283 MMR-proficient (pMMR) cases
wer e tr eated with adjuvant FOLFOX-based chemother-
apy, the densities of CD3 

+ and CD8 

+ TILs in dMMR tu-
mors are much higher than those in pMMR tumors ( 104 ).
These higher densities of TILs in dMMR tumors were
found to be associated with the number of frame-shift mu-
tations ( 76 , 84 , 85 ), supporting the notion that dMMR sta-
tus reshapes TME. In addition, the degree of tumor infil-
tra ting na tural killer (NK) cells in TME can also predict
prognostic outcome of ICI therapy. NK cells are a sub-
type of cytotoxic lymphocytes that can pr oduce r obust cy-
tokines to initiate their tumor cell killing activity upon ac-
tiva tion, which is modula ted b y their activ ating receptors,
inhibitory receptors and co-stimulatory receptors ( 105 ).
Accor dingly, cGAS-STING acti va tion-media ted IFN � has
been reported to prime and activate NK cells for cytotox-
icity ( 106 ). Since dMMR tumors have increased interferon
production, it would be interesting to investigate whether or
not NK cells are also enriched in dMMR tumors to benefit
ICI therapy. 

The expression of immune checkpoints is another key
factor in regulating immune response in TME, which lim-
its the activation of cytotoxic T cells and helps tumors to
escape from immune surv eillance. Pre vious studies have re-
ported that defects in DNA damage response pathways or
treatment with DNA damage agents can upregulate the
expression of immune checkpoints on tumor cells. Simi-
larly, dMMR tumors are associated with a large amount of
neoantigens, increased cGAS-STING activa tion-media ted
type-I interferon signaling and high density of TILs, which
also triggers upregulation of IFN � , PD-L1 and other
inhibitory signals, leading to immune-suppressi v e TME
( 107 , 108 ). In 2015, Llosa and cow ork ers first described a
link between cancer features with its corresponding expres-
sion of immune checkpoints in TME. They reported that
dMMR tumors displayed high densities of activated CD8 

+

cytotoxic T cells and CD4 

+ Helper T Cells Type 1 cells
with increased IFN � expression, which is counterbalanced
by highly upregulated PD-1, PD-L1, CTLA-4, LAG-3, and
IDO ( 108 ). Consistently, in a cohort of 63 patients with
endometrial cancer, Howitt et al. re v ealed that MSI-H tu-
mors exhibited higher tumor-infiltrating CD3 

+ and CD8 

+ 

lymphocytes, associating with PD-1 ov ere xpression in TILs
and peritumoral lymphocytes compared with MSS tumors
( 107 ). Howe v er, they found that PD-L1 expression was not
frequent in dMMR tumor cells but occurred in intraepithe-
lial immune cells, suggesting that PD-L1 expression is het-
erogenous between tumor cells and TILs ( 107 ). Similarly,
the majority of PD-L1 expression was found in myeloid
cells, rather than in tumor cells in MSI CRC, which is much
different from melanoma, renal, or lung cancer ( 108 ). Van-
derwalde and cow ork ers analyzed 11348 cases across 26
cancer types, and showed that only 26% of MSI-H tumors
were PD-L1 positi v e ( 109 ). The lack of PD-L1 expression in
dMMR tumor cells, e v en with high le v el of IFN � , is highly
intriguing and r equir es further investigating. 

Tumor resistance to ICI therapy in dMMR cancers 

Although dMMR status acts as a prognostic predictor for
ICI therapy, ∼50% of dMMR tumors exhibit primary and
acquir ed r esistance with lack of clear mechanisms. To date,
loss of cGAS-STING pathway, disruption of antigen pre-
senting machinery, alterations in JAK-STAT Pathway, and
deregulation of suppressi v e TME hav e been reported to af-
fect efficacy of ICI therapy in dMMR tumors. Since the den-
sity of TILs directly determines the efficacy of ICI therapy,
resistance mechanisms have been focused on why some pa-
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Although high le v els of neoantigens are associated with 

MMR tumors, not all of them are highly immunogenic, 
hich results in reduced activation of cytotoxic T cells 
nd resistance to the ICI therapy ( 74 , 76 ). Our recent
tudy in mice model have revealed that loss of cGAS or 
TING expression in dMLH1 tumor cells a ttenua tes the 
umor-infiltrating CD8 

+ T lymphocytes and inhibits the 
CI therapy efficacy by attenuating type-I interferon sig- 
aling (Figure 4 A). In addition, clinical data from 7 pa- 
ients with dMLH1 tumors who had recei v ed anti-PD-1 

herapy showed that low expression of cGAS or STING 

s associated with poor survival, suggesting that loss of the 
GAS-STING pathway confers resistance to ICI therapy in 

MMR tumors ( 93 ). 
In 2018, Grasso et al. analyzed a cohort of CRC tumors 

 n = 1211 in total, with 79 dMMR cases) and found that
SI-H tumors had a high rate of the disrupted antigen pre- 

entation machinery, including losses of Beta 2 microglob- 
lin (B2M) and human leukocyte antigen (HLA) ( 110 ). 
2M plays a pivotal role in the antigen presentation pro- 
ess by dimerizing with MHC-I molecule to assist loading 

 utant peptides. Thus, m utation or loss of B2M and HLA 

n dMMR tumors impairs antigen process and presentation 

o CD8 

+ T cell, which may contribute to ICI therapy resis- 
ance. Notably, in a cohort of 1751 CRC patients, 24% (44 

n 182) of MSI-H CRCs harbored B2M mutations, among 

hich 73% (32 in 44) had complete loss of B2M expression, 
ut B2M mutation status was not associated with tumor 

nfiltration of lymphocytes; in addition, 85% (11 in 13 for 
atients with B2M mutations who had recei v ed anti-PD-1 

r anti-PD-L1 ICI therapy) still achie v ed clinical benefit. 
onsistently, Germano et al. reported that B2M loss did 

ot affect response to ICI therapy in dMMR CRC tumors, 
hich is dependent on increased tumor-infiltration of CD4 

+ 

 cells but not CD8 

+ T cells ( 111 ). These results suggest that
2M mutation is not the main resistance mechanism and 

annot be as a good predictor for most dMMR tumors. 
Another possible resistance mechanism is due to alter- 

tion of JAK-STAT signaling, which play an important role 
n regulating immune response. The signal transducers and 

ctivators of transcription (STAT) function downstream 

f JAK regulate the production of chemokines and IFN- 
timulated genes (ISG), most of which can promote anti- 
umor immunity ( 112 , 113 ). In 2016, Zaretsky et al. analyzed 

iopsy samples from 4 patients with melanoma who had ac- 
uir ed r esistance to anti-PD-1 therap y and found that 2 of 
hem had loss-of-function mutations in J AK1 / J AK2 that 
ead to a lack of response to IFN � ( 114 ). Subsequently, 
hin et al. re v ealed that JAK1 / 2-inacti vating mutations oc-
urred in one patient with melanoma (1 in 23) and one 
atient with dMMR CRC (1 in 16), both of whom were 
earing high TMB but lack of response to anti-PD-1 ther- 
py, suggesting that loss-of-function mutations in JAK1 / 2 

aused inactivation of IFN � and resulted in primary resis- 
ance to anti-PD-1 therapy in dMMR tumors ( 115 ). Ac- 
ordingly, Albacker et al. ( 116 ) analyzed a database of solid 

umors (n = 61704) and found that r ecurr ent frameshift mu- 
ations of JAK1 are associated with MSI-H and TMB-H in 

ultiple tumor types, including endometrial cancer, CRC, 
tomach, and prostate carcinomas. And the tumors with 

rameshift mutations of JAK1 exhibited reduced expression 
f IFN response signatures and other anti-tumor immunity 

ignatures, which contributed to tumor escape from the im- 
une system and may cause resistance to ICI therapy ( 116 ). 
hus, loss-of-function mutations in the JAK-STAT signal- 

ng pathway can result in impaired interferon signaling and 

ead to resistance to ICI therapy (Figure 4 B). 
The WNT- �-ca tenin pa thway has been reported to af- 

ect anti-tumor immunity and efficacy of ICI therapy by 

odulating cancer immune evasion ( 117 ). Spranger et al. 
howed that activation of the WNT- �-catenin pathway is 
ssociated with loss of the T cell gene expression signa- 
ure in metastatic melanoma, leading to the lack of T cell 
nfiltration. Further studies using autochthonous mouse 

elanoma models re v ealed that acti vated WNT- �-catenin 

auses T cell exclusion and resistance to anti-PD-L1 / anti- 
TLA-4 thera py ( 117 ). Accordingl y , T rabucco et al. ana-

yzed 67000 patient tumor samples with next-generation se- 
uencing and found activation of the WNT pathway is en- 
iched in many dMMR tumors, which can induce T cell ex- 
lusion from tumors and reduced TILs ( 118 ). Grasso et al. 
nvestigated a CRC cohort ( n = 1211, with 179 dMMR 

umors), and reported that the WNT pathway is com- 
onl y m utated, w hich associates with an activated WNT- �- 

a tenin pa thway, but low le v el of TILs ( 110 ). Furthermore,
nalysis of the whole-exome data of 6747 human tumors 
dentified se v eral soma tic microsa tellite insertion / deletion 

utations in WNT-regulating genes, including DOCK3 

nd RNF43, loss of which could induce activation of 
NT signaling. For instance, RNF43 functions as a neg- 

ti v e regulator of WNT, and the insertion / deletion muta- 
ion p.G654fs in RNF43 has been found in 40% (16 / 40) 

SI CRC, 35% (24 / 69) MSI stomach cancer and 23% 

36 / 155) MSI endometrial cancer, respecti v ely ( 119 ). Taken 

ogether, these observa tions indica te tha t a significant por- 
ion of dMMR tumors are associated with high frameshift 
nsertion / deletion muta tions-induced activa tion of WNT 

ignaling, which can lead to reduced TILs and resistance 
o ICI therapy (Figure 4 C). 

Whereas inhibitory immune signals, such as PD-1, PD- 
1 and CTLA-4, are upregulated to counterbalance the 
igh density of TILs in TME, which contributes to the 
 esistance of ICI therap y in dMMR tumors (Figur e 4 D). 
n addition, incr eased suppr essi v e immune cells in certain 

MMR tumors, which restrict the activity of cytotoxic T 

ells and affect anti-tumor immune response, have been ob- 
erved ( 120–122 ). In a cohort study of 69 CRC patients 
36 MSS, 33 MSI-H), Bauer et al. found that infiltrations 
f dendritic cells and macrophages are elevated in dMMR 

RCs compared to those of MSS CRCs, but a subset of 
SI-H tumors display high infiltration of Foxp3 

+ regula- 
ory T cells associated with low proportion of CD208 

+ ma- 
ure dendritic cells ( 121 , 123 ). This suggests that regulatory 

 cells may hamper ma tura tion of dendritic cells and con- 
er resistance to ICI in dMMR tumors (Figure 4 E). In addi- 
ion, Hu et al. reported that macrophages of the suppressi v e 

2 phenotype are enriched in a subgroup of MSI-H tumors 
ith poor prognosis ( 122 ). 
Taken together, the resistance mechanisms of ICI ther- 

py in dMMR tumors are summarized as follow: first, 
he loss-of-function in the cGAS-STING pathway (due to 

rameshift mutations or h ypermeth ylation) can induce im- 
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Figure 4. Mechanisms of tumor resistance in dMMR-mediated imm unothera py. dMMR tumors exhibit primary and acquir ed r esistance from ICI therap y, 
w hich is frequentl y associated with low density of tumor-infiltration of T lymphocytes. The resistance mechanisms include the followings. ( A ) Loss-of- 
function in cGAS or STING, which inactivates the type-I interferon signaling, and leads to low infiltration of T lymphocytes to impair ICI therapy in 
dMMR tumors. ( B ) Loss function of the JAK-STAT pathway, which blocks production of chemokines and interferon stimulated genes (ISG), leading to 
impaired anti-tumor immune response. ( C ) Frame-shift mutations in coding regions of DOCK3 or RNF43, which induces hyper-activation of WNT- �- 
ca tenin and upregula tes WNT-targeted genes, resulting in exclusion of T cells and dendritic cells from tumors. ( D ) Upregulation of immune checkpoints 
including PD-1, PD-L1, CTLA-4, LAG-3 and IDO, w hich confers imm uno-suppressi v e TME in dMMR tumors. ( E ) Incr ease of r egulatory T cells and 
M2 macrophages, which impairs the activity of cytotoxic T cells and presents immuno-suppressi v e TME, thereby inhibiting ICI therapy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

paired interferon signaling or antigen presentation process,
which hampers priming, activates T lymphocytes and re-
duces TILs; second, activation of the WNT signaling path-
wa y ma y lead to T cells exclusion from tumors and result in
low density of TILs; third, hyper-upregulation of inhibitory
immune signals and suppressi v e immune cells cause im-
paired ma tura tion of DC and reduced activity of cytotoxic
T cells in TME. 

New strategies for combination therapy in dMMR tumors 

Gi v en that ∼50% of patients with dMMR tumors are resis-
tance to ICI therapy and that a subgroup of these patients
exhibit acquired resistance, overcoming the ICI-therapy re-
sistance is very important for effecti v e ICI therap y. Her e, we
briefly discuss potential strategies to overcome tumor resis-
tance (Figure 5 ). 

First, since loss of cGAS or STING in dMMR tumors
a ttenua tes type-I IFN signaling and leads to few TILs
and resistance to ICI therapy, de v eloping strategies to ac-
tivate type-I IFN signaling independent of cGAS-STING
will benefit dMMR tumors with a defecti v e cGAS-STING
pathway. In addition, loss-of-function in JAK1 / 2 genes can
also hamper IFN signaling and result in low density of
TILs. Recovering IFN signaling using mRNA deli v ery tech-
nologies could be a promising strategy to conquer this kind
of resistance. Lipid nanoparticles have been widely used to
deli v er mRNA for personalized therapy ( 124 ). In a recent
study, Liu et al. deli v ered a constituti v ely acti v e STING
mRNA (STING 

R284S ) to STING-deficient cancer cells us-
ing lipid nanoparticles and achie v ed the production of IFNs
and other anti-tumor cytokines to enhance the anti-tumor
cell killing activity ( 125 ). Unlike traditional STING ago-
nists, which can induce host T cell cytotoxicity and only
work in STING-proficient tumors, STING 

R284S mRNA de-
li v ery with lipid nanoparticles can specifically target on tu-
mor cells without activating the host innate immune re-
sponse and causing systemic inflammation. This strategy
can recover IFN signaling and induce antitumor response
in STING-silenced tumors, which would help conquer the
resistance of ICI therapy for dMMR tumors. 

Second, since frame-shift mutation-induced upregulation
of the WNT pathway in a subset of dMMR tumors causes
T cell exclusion and low TILs, ICI-based combination ther-
apy with WNT inhibitor should improve the survival (Fig-
ure 5 A). Recently, WRN helicase has been found to be a
synthetic lethal target in dMMR tumors ( 126 , 127 ), combi-
nation of ICI agents with WRN inhibitors would also be a
promising strategy. 

Third, inhibitory checkpoints including PD-1, PD-L1,
CTLA-4, LAG3 and IDO have been found in dMMR tu-
mors. Thus, targeting PD-1 / PD-L1 together with CTLA-
4, LAG3 or IDO would enhance anti-immunity activ-
ity than monotherapy (Figure 5 B). In fact, this has been
demonstrated nicely in a recent clinical trial of dMMR
metastatic CRCs, where nivolumab plus low-dose ipili-
mumab was used ( 128 ). In addition, pembrolizumab plus
epacadostat (IDO-inhibitor) has been trialed for advanced

art/zcad031_f4.eps


NAR Cancer, 2023, Vol. 5, No. 3 9 

Figure 5. Potential strategies to overcome tumor resistance to ICI therapy. Although ICI therapy represents a remar kab le efficacy in patients with dMMR 

tumors, primary and acquired resistance restricts the survival rate of the non-responders. New strategies can be developed for dMMR tumors to conquer 
the resistance. ( A ) Combination with targeted therapy such as STING / interferon agonists, cytokines or WNT inhibitors to increase tumor-infiltration of 
T lymphocytes. ( B ) Combination with inhibitors of other immune checkpoints such as anti-CTLA-4 or anti-LAG-3. ( C ) Combination with deletion or 
inhibition of regulatory T cells and M2 macrophage to block immune-suppressive TME. ( D ) Combination with chemotherapy or radiotherapy to induce 
damage-associated molecular pattern (DAMP), tumor-associated antigen presentation, and release of costimulatory molecules. 
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olid dMMR tumors including endometrial cancer, CRC 

nd gastric cancer (NCT02178722). Furthermore, deletion 

f M2 macrophages or regulatory T cells together with ICI 
herapy could also be taken into consideration (Figure 5 C). 

Finally, se v eral other strategies combining ICI with 

hemother apy, r adiother apy or targeted therapy under clin- 
cal trials could also improve the survival of patients with 

MMR tumors (Figure 5 D). For instance, pembrolizumab 

ombined with r adiother apy and nivolumab or ipilimumab 

ombined with r adiother ap y have been used for tr eating pa- 
ients with dMMR CRC in clinical trials (NCT03104439 

nd NCT04001101). 
In conclusion, new strategies for patients with dMMR tu- 
ors should take into consideration for the personalized re- 

istant mechanisms based on predictor features and goals 
o enrich TILs and enhance anti-tumor immunity. How- 
 v er, preclinical and clinical data for resistant mechanisms 
re still lacking, and thus, thorough investigations should 

e conducted in the future to conquer tumor resistance. 
t
uture perspectives of dMMR immunotherapy 

umors with defecti v e MMR genes are associated with 

SI-H features and frequent frameshift mutations, thus 
eading to increased generation of neoantigens that can be 
oaded to the MHC-I complex and recognized by antigen 

resenting cells or cytotoxic T cells. In addition, cytoso- 
ic DNA is accumulated in dMMR tumor cells and acti- 
ates the cGAS-STING pathway, which promotes type-I 
FN signaling and enhances T cell priming, thus result- 
ng in high densities of TILs. Both neoantigens and cGAS- 
TING pa thway-media ted type-I IFN signaling contribute 
o anti-tumor immunity and benefit from anti-PD-1 / PD-L1 

ased ICI therapy (Figure 3 ). 
Howe v er, > 50% of patients with dMMR tumors still ex- 

ibit resistance to ICI therapy. This portion of dMMR tu- 
ors is associated with low densities of TILs caused by vari- 

us mechanisms, including low or no expression of cGAS or 
TING, mutations-induced loss-of-function in IFN regula- 
ory genes like JAK1 / 2, activation of WNT- �-catenin path- 
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way, ov ere xpression of immune checkpoints like PD-1 / PD-
L1, and immune-suppressi v e cells like regulatory T cells. 

Ne v ertheless, the interplay between dMMR, TME and
anti-tumor immunity is still not fully understood. More
tumor intrinsic mechanisms and predicti v e biomar kers in
dMMR tumors for efficacy of ICI therapy should be ex-
ploited and integrated for evaluation in future personalized
therapy. In addition, since lacking preclinical and clinical
studies for ICI-based combination therapy for dMMR tu-
mors, investigators can take into consideration of the pri-
mary and acquired resistance mechanisms to de v elop ne w
approaches. 
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