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Abstract

Immune checkpoint inhibitors (ICls), such as PD-1/PD-L1 antibodies (Abs) and anti-cytotoxic T lymphocyte antigen 4
(CTLA-4) Abs, are effective for patients with various cancers. However, low response rates to ICl monotherapies and
even hyperprogressive disease (HPD) have limited the clinical application of ICls. HPD is a novel pattern of
progression, with an unexpected and fast progression in tumor volume and rate, poor survival of patients and early
fatality. Considering the limitations of ICl due to HPD incidence, valid biomarkers are urgently needed to predict the
occurrence of HPD and the efficacy of ICl. Here, we reviewed and summarized the known biomarkers of HPD,
including tumor cell biomarkers, tumor microenvironment biomarkers, laboratory biomarkers and clinical indicators,
which provide a potential effective approach for selecting patients sensitive to ICl cancer treatments.
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Background
In recent years, immunotherapy has been introduced as
a breakthrough in cancer treatment. Immune checkpoint
inhibitor (ICI) therapies, including anti-PD1, anti-PD-L1,
and anti-CTLA-4 therapies, have played a role in
enhancing the activities of effective T cells and inhibiting
the immunosuppression in the tumor microenvironment
[1, 2]. ICI therapies have revolutionized the systemic
treatments for advanced tumors, including melanoma
[3], non-small cell lung cancer (NSCLC) [4], kidney can-
cer [5] and squamous cell carcinoma of the head and
neck (HNSCC) [6]. Patients accepting ICI therapy have a
better survival time and an unprecedented higher cure
rate [4] than those treated with conventional therapies.
Successful clinical trials have enabled wide application
of ICIs in the clinic. To date, there are five FDA-
approved ICIs for PD-1/PD-L1, including pembrolizu-
mab and nivolumab (anti-PD-1) and atezolizumab,
durvalumab and avelumab (anti-PD-L1). Moreover,
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many studies have shown that the reactivities of patients
given ICIs or classical chemotherapy differ significantly.
First, a long duration in tumor shrinkage (partial/
complete response: PR/CR) occurred in 10-30% of pa-
tients on ICI therapy (anti-PD-1/PD- L1 and/or anti-
CLTA-4), which is much higher than that presented
with other therapeutic regimens, and the overall survival
(OS) was unprecedentedly improved [7]. Second, some
patients underwent pseudoprogression, assessed by im-
aging; the tumor burden showed a primary surge
followed by shrinkage (usually at 4 weeks confirmed),
which also resulted in a survival benefit. With the ap-
pearance of pseudoprogression, the development of irRC
[8], irRECIST [9] and iRECIST [10] was motivated,
which have been used to estimate the response to ICI
treatment. Finally, progression of disease, especially
hyperprogression, is a novel pattern of progression ob-
served with ICI treatment (Fig. 1).

In ICI treatment, several studies have reported that
progression at an accelerated and unexpected rate and
volume might present in more than a few patients,
which often leads to dramatically reduced survival dura-
tions. This condition was then termed hyperprogressive
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biomarkers, clinical indicators and tumor cell biomarkers

Clinical indicators Tumor microenvironment biomarkers Biomarkers from tumor cells

Regional recurrence Activated Treg cells MDM2 amplification
More than two metastatic sites Progressive increase in exhausted T cells EGFR mutation
Age >65 M2 macrophages was clustered; TMB/MMR/ MSI
Increased CAFs
MDSCs
High levels of ANC/CRP the sensitivity of IFN-y loosed; BRCA2 mutation

Other compensatory immune-checkpoints in T cells

Biomarkers related to HPDl

TTF<2 months, TGR>2, TGK>2
Hyperprogression

TGR<2
Progression

Tumor shrinkage
Pseudoprogression -

Fig. 1 Definition of hyperprogressive disease (HPD): TTF < 2 months, TRG = 2 and/or TGK 2 2 (TTF: time to treatment failure; TGR: tumor growth
rate; TGK: tumor growth kinetics). The potential biomarkers for HPD after immune checkpoint blockade, including tumor microenvironment

»
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disease (HPD), which has been observed in various types
of tumors. Clinical or molecular factors for HPD predic-
tion are urgently needed to evade the potential dangers.
However, in ICI therapy, the mechanism and character-
istics of HPD remain extremely unclear.

In this review, a clinically oriented and latest overview
has been put forward on the basis of various studies on
HPD. Meanwhile, the potential mechanisms, predictive
biomarkers and diagnostic methods have also been inte-
grated, which provides a foundation for the management
of HPD patients.

Incidence of HPD

As a new type of tumor response, HPD is characterized
as an unexpected and fast progression in tumor volume
and rate, which is connected with an inferior outcome.
The definition is as follows [11]: (1) TTF (time to treat-
ment failure), the time between the beginning of ICI
therapy to the interruption with no reason is within 2
months (TTF < 2 months); (2) TGR (tumor growth rate),

in contrast with the pretherapy images, the patient
tumor volume is doubled or increased (TGR > 2); and/or
TGK (tumor growth kinetics), objective lesion changes
in unit interval determined by evaluation of the largest
diameters according to RECIST (TGK > 2).

HPD was first described in a study by Champiat et al.
[12]. The retrospective study included patients with vari-
ous tumors in phase 1 trials, (melanoma, lung cancer,
renal cancer, colorectal cancer, and urothelial cancer,
among other types) that showed a 9% increase in the in-
cidence of HPD (12/131) during treatment with PD-1/
PD-L1 inhibitors compared with the chemotherapeutic
group. Then, retrospective data and several clinical cases
of HPD were also reported during anti-PD-1/PD-L1
therapy. HPD incidence is not limited to specific tumors
in accordance with these respective observations. It was
found that 13.8% (56/406) of patients with PD-1/PD-L1
blockade therapy underwent HPD (based on TGR > 2) in
advanced NSCLC [13]. Another group retrospectively
observed a 7% HPD incidence in 182 patients with ICI
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treatment in a phase 1 study based on the TGR criterion
in multiple cancer types [14]. Sadda-Bouzid et al. [15]
found that 29% (10/34) of advanced head and neck squa-
mous cell carcinoma (HNSCC) patients given ICI treat-
ment exhibited HPD according to TGR=>2. A study
performed by Lo Russo G et al. [11] declared that 25.7%
(39/152) of NSCLC patients treated with an ICI met the
HPD norm (TTF <2 months, TGK > 2). Four percent (6/
155) of 155 patients with many types of tumors had
HPD, which was defined as tumor growth >40% and a
TTF < 2 months. Matos et al. [16] observed HPD in 15%
of 214 (32/214) patients in phase I studies treated with
ICI therapy, the standard of which was based on RECIST
(tumor volume enlargement >40% and a TTF<2
months) (Table 1).

The above findings indicate that patients with HPD al-
located to ICI treatment experienced a poor prognosis,
such as a faster decline in progression-free survival (PES)
and overall survival (OS) compared with those treated
with conventional therapies. However, because of patient
heterogeneity, different sample sizes and selection bias,
the retrospective literature concerning HPD has limita-
tions. Further prospective studies in various tumors may
be needed to provide comprehensive HPD data.

Biomarkers associated with HPD

According to the above studies, HPD has been found in
various cancers, such as NSCLC, HNSCC, melanoma,
lymphoma, and colorectal, urothelial, biliary tract and
ovarian carcinoma. Furthermore, no association has
been found between HPD and other clinical characteris-
tics, including blood composition, the occurrence of cor-
ticosteroids at baseline (estimated by RECIST), previous
systemic treatment, routinely assessed biochemical pa-
rameters (such as lymphocyte count and cellular popula-
tions), PD-1/PD-L1 expression, or the Royal Marsden
Hospital (RMH) score [17]. Patients who obtained bene-
fits from ICI should be selected, while patients with
HPD are ruled out, and the mechanisms of HPD, which
are complex, dynamic and interdependent, should be
analyzed.

To avoid the damage induced by ICI treatment, devel-
oping biomarkers for HPD prediction is quite necessary.
As shown in Table 2 and Fig. 1, many biomarkers have
been discovered to be associated with HPD, including
tumor cell biomarkers, tumor microenvironment bio-
markers (Fig. 2), laboratory biomarkers, and clinical
indicators.

Tumor cell biomarkers
Amplification of murine double minute 2/4 (MDM2/

4) MDM2 amplification has been shown to be associated
with HPD. In cell lines of spontaneously transformed
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mice, MDM2 was initially found to be overexpressed
based on amplification as an oncogene subset [18] and
plays a key role in promoting tumor growth by inhibit-
ing gene transactivation of the tumor suppressor p53.
Overexpression of MDM2 is related to an inferior prog-
nosis in various tumors, such as stomach, lung, esopha-
gus and breast cancer; leukemia; glioblastoma;
liposarcoma; and other treatment-resistant tumors.
MDM2 is also associated with tumor metastasis and for-
mation of the transfer site (such as in prostate, colon
and breast cancers and osteosarcomas) [19-21].

To investigate valuable genomic features related to
HPD, the genomic profiles of 155 patients were analyzed
via next-generation sequencing (NGS), and Kato et al. [22]
reported that worse outcomes were associated with alter-
ations in MDM2/4 (p =0.02), DNMT3A (p=0.04) and
EGFR (p=0.02); especially, 67% (4/6) of patients with
MDM2/4 amplifications underwent HPD. The possible
mechanism is that ICI treatment triggers hyperexpression
of MDM2 amplification by promoting the expression of
IRF-8 (interferon regulatory factor 8) and binding to the
MDM2 promoter through JAK-STAT signaling. There-
fore, MDM2 inhibitors could be a potential therapy to
control the development of HPD. Meanwhile, amplifica-
tion of MDM2/4 might be a useful marker of HPD.

EGFR mutation As a member of the HER (human epi-
dermal receptor) family, EGFR (epidermal growth factor
receptor) is a transmembrane tyrosine kinase receptor
(RTK). EGER has roles in cell growth, proliferation and
differentiation through many cell signaling pathways, in-
cluding the PI3K (phosphatidylinositol-3-kinase)/AKT
(protein kinase B) pathway, RAS (rat sarcoma)/RAF
(rapidly accelerated fibrosarcoma)/MAPK (mitogen-acti-
vated protein kinase) pathway, and JAK (janus kinase)/
STAT (signal transducers and activators of transcription)
pathway. EGFR gene mutations and EGFR protein over-
expression are associated with tumor growth through
activation of downstream pathways, especially in lung
cancer [23]. HPD has been found in 20% (2/10) of pa-
tients with EGFR alterations and has led to worse out-
comes (Table 1). Gainor et al. observed that EGFR
mutations and ALK rearrangement were related to low
response rates to ICI therapy in lung cancer patients
[24]. A possible explanation is that EGFR mutations up-
regulate cell-surface inhibitory receptors (for example,
PD-1/PD-L1 and CTLA-4), cytokines (such as IL-6, IL-
10 and TGF-B), and immunosuppressive cells (regulatory
T cells and macrophages), which can drive innate im-
mune resistance [25]. However, the role of mutant EGFR
in HPD requires further investigation.

Enrichment for BRCA2 mutations Hugo et al. [26] re-
ported that responding melanoma patients have more
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Table 1 Relevant HPD studies in patients receiving ICB therapy
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HPD biomarker Number Histology HPD definition Ref
(Incidence) (Percentage)

Age 12/131 (9%) Melanoma (45), lung (13), =>2-fold increase in TGR, RECIST Champiat
265, 7/36 (19%) renal (9), colorectal (8), progression etal. 2017
< 64, 5/95 (5%) urothelial (8), others (48)

Regional recurrence  10/34 (29%) Recurrent and/or metastatic TGK = 2. Saada-

Yes, 9/10 (950%) head and neck squamous cell Bouzid et al.
No, 1/10 (10%) carcinoma 2017

Metastatic sites 56/406 Advanced NSCLC >2-fold increase in TGR Ferrara et al.
> 2, 35/56 (62.5%) (13.8%) 2018
<2,21/56 (37.5%)
Sex 12/182 Head and neck (10), =>2-fold increase in TGR, RECIST Kanjanapan
Male, 2/99 (2.0%) (6.5%) gynecological (9), lung progression et al. 2019
Female, 10/83 (8), gastrointestinal (8),
(12.0%) genitourinary (7), others

(13)
MDM2 family 6/155 (4%)  Melanoma (51), NSCLC (38), Squamous cell carcinoma of ~ TTF < 2 months, Kato et al.
amplification head and neck (11), cutaneous squamous cell carcinoma > 50% increase in TMB and > 2-fold 2017
Yes, 4/6 (67%) 9), increase in progression pace
EGFR aberrations renal cell carcinoma (6), colorectal cancer (5)
Yes, 2/10 (20%)
Elevations in ANC 13/62 (21%) AGC >2-fold increase in TGR, RECIST Sasaki et al.
level progression 2019

4490/ul vs. 7740/l
(non-HPD vs. HPD)
Elevations in CRP
level

04 mg/dl vs. 83
mag/dl (non-HPD vs.
HPD)

PD-1" Treg cells in
tumor tissues

4/36 (11.1%)  AGC

MPO" myeloid cells  39/152 NSCLC
within the tumor (25.7%)

IHC in HPD: 3.5

(0.1-6.0)

PD-L1 expression in

tumor cells

IHC in HPD: 1.0

(0.0-10.0)

% of TTF: 98/263  NSCLC
CCR7"CD45RA™ in  (37.3%),

CD8+ T cells TGR: 54/

Low frequencies 263(20.5%),

%TIGIT" in PD- TGK: 55/263

17CD8* T cells (20.9%),

High frequencies

TTF < 2 months, 22-fold increase in TGR, Kamada
and > 2-fold increase in progression et al. 2019
speed

TTF < 2 months, 22-fold increase in TGR, Lo et al.
at least two new lesions in an 2019
organ, spread to a new organ, ECOG

PS 22, at least three of the above

criteria and RECIST 1.1 progression

TTF < 2 months, 22-fold increase in TGR, Kim et al.
TGK= 2, RECIST1.1 progression 2019

Abbreviations

TGR Tumor growth rateTGK Tumor growth kineticsTTF Time to treatment failureNSCLC Non-small cell lung cancerHNSCC Squamous cell carcinoma of the head and
neckAGC Advanced gastric cancerANC Absolute neutrophil countCRP C-reactive proteinMDM2/4 Murine double minute 2/4TMB Tumor mutational burdenEGFR

Epidermal growth factor receptor

BRCA2 mutations while nonresponding patients have
fewer mutations (P =0.002) upon ICI treatment, but the
mechanisms are still puzzling. There are six main loss-
of-function (LOF) mutation protein domains in BRCA2
that can possibly explain the phenomenon: one in the
domain for POLH interaction; one in the region for
NPM1 interaction at the N-terminal; and four in the hel-
ical domain for FANCD2 interaction. It is interesting

that the somatic mutation load of BRCA2 in normal tis-
sue was significantly lower than that in the tumors both
in this study and the other two groups of melanoma pa-
tients. In general, LOF mutations in BRCA2 might be re-
lated to the responsiveness to ICI treatment by affecting
the repair of double-strand DNA breaks and homolo-
gous recombination, which could result in many un-
known effects and specific mutational features.
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Table 2 The possible mechanism of biomarkers in HPD after ICB therapy

Biomarker Description

Mechanism

Tumor cell biomarkers

MDM2 family MDM2 is overexpressed by amplification

EGFR mutation EGFR gene mutations and protein

overexpression

BRCA2 mutations Enrichment for BRCA2 mutations

MMR/MSI MMR deficiency leads to accumulation of
mutations
TMB An independent biomarker that is predictive of

ICB outcomes

Tumor microenvironment biomarkers
Immunological cells

Treg cells Activated Treg cells enhance suppressive

activity

Exhausted T cells Progressive increase in exhausted T cells

Dendritic cells Generating the anti-tumor response by T cells

MDSCs High frequencies of MDSCs related to IC

resistance

M2 macrophages Triggering of clustered M2 TAMs

Nonimmunological cells

CAFs Related to immunosuppression

Cytokines and inflammatory factors

IFN-y Loss of sensitivity to IFN-y

Other compensatory PD- L2/soluble PD-1
immune checkpoints in

T cells
Laboratory biomarkers

ANC/CRP ANC and CRP were significantly higher in the

HPD group than in the non-HPD group

Hyperexpression of MDM2 might be triggered by amplification during
ICB therapy through IFN-y, especially JAK-STAT signaling that increases
IRF-8 expression. Overexpression of MDM?2 due to amplification associ-
ated with metastasis and formation of the transfer site.

EGFR mutation is related to upregulated expression of PD-1, PD-L1,
CTLA-4 and immunosuppressive cells, such as Treg cells and macro-
phages; EGFR gene mutations and protein overexpression are associated
with cancer growth through activation of downstream pathways: the
MAPK pathway, PI3K/AKT pathway and JAK/STAT pathway

As the LOF mutation, BRCA2 mutations might impair dsDNA break
repair mechanisms and homologous recombination, which might
induce specific mutational features related to anti-PD-1 responsiveness.
Conversely, it is related to HPD.

More potential neoantigens were produced by the accumulation of
mutations of MMR deficiency, which upregulated TIL density, increased
TMB, elevated PD-L1 expression, and induced a greater immune re-
sponse to the tumor. Conversely, it is related to HPD.

The accumulation of genomic alterations generates neoantigens at the
protein level, which may be recognized by the patient's immune system
as nonself or foreign antigens. Neoantigenicity is measured by TMB.
Conversely, it is related to HPD.

Hamper activation of effector T cells, resulting in more Treg cells; inhibit
IL-2 release and absorb it; many factors such as adenosine and IDO are
upregulated

Upon blocking of PD-1, the compensatory immune-checkpoints (PD-1,
TIM3, LAG3 and TIGIT) might overexpressed and regulate local immune
suppression and escape

The response of T cells could be inhibited through PD-L1 by DCs; cyto-
kines, such as TGF-@3, IL-6 and DO, inhibit the activity of DCs, thus hav-
ing a negative regulatory effect on T cells

Impair the activity of effector T cells, induce expansion of Treg cells,
reduce the functions of NK cells, secrete cytokines (IDO, VEGF, MMP9
etal)

The response of T cells could be inhibited through PD-L1 by M2 TAMs;
the binding between specific immunophenotypes through ICB and FcR
might trigger clustering of M2 TAMs, which could induce more aggres-
sive protumorigenic behavior by upregulating functional reprogram-
ming in M2 TAMs

Recruit monocytes that encompass immunosuppression and enhance
the motility of tumor cells; induce differentiation of M1 TAMs into M2
TAMs; inhibit T cell immunity through neutrophils

Molecules in the IFN-y pathway, including IFNGR1/2, JAK1/2, STATT,
PI3K-AKT, and IRF1, were mutated or downregulated, thus decreasing
the expression of PD-L1

PD-1 blockade can induce inhibition of T cells through the combination
of PD-1 and PD-L2; soluble PD-1 fusion protein might inhibit the activity
of bone marrow-derived DCs and increase the secretion of IL-10

The upregulation of the ANC might be used to reflect the release of
premature myeloid cells from the bone marrow, such as MDSCs, which
are related to tumor invasion and metastasis. MDSC counts are also
positively correlated with CRP levels
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Table 2 The possible mechanism of biomarkers in HPD after ICB therapy (Continued)

Biomarker Description

Mechanism

Clinical indicators

Regional recurrence in
an irradiated field HPD

More than two
metastatic sites

HPD was more frequent in patients who had
more than two metastatic sites of advanced
NSCLC

Age 2 65
than younger patients.

More patients of advanced age (265) had HPD

RSCCHN patients with regional recurrence had  Radiotherapy might be related to ICB treatment failure by regulating the

tumor microenvironment through a decrease in TILs and the main
cytokines and an increase in PD-L1 transcripts

More aggressive tumor phenotypes might be related to HPD

Immunosenescence: age-related thymic atrophy connected with lowing
the T cell immunity, which plays a key role in autoimmune disease, in-
fection, and tumors

Abbreviations

MDM2/4 Murine double minute 2/4EGFR Epidermal growth factor receptorBRCA2 Breast cancer susceptibility gene 2MMR Mismatch repairMS/ Microsatellite
instabilityTMB Tumor mutational burdenMDSCs Myeloid-derived suppressor cellsCAFs Cancer-associated fibroblasts/FN-y Interferon-y/Cl Immune checkpoint

inhibitorsANC Absolute neutrophil countCRP C-reactive protein

Deficiency of mismatch repair and microsatellite instability

The function of the MMR (mismatch repair) system in-
cludes modification insertion, mismatch, and deficiency
deletion in base pairing during DNA replication, which
has high concordance with microsatellite instability
(MSI). Loss of DNA MMR, including MLH1 (MutL
homolog 1), MSH2 (MutS protein homolog 2), MSH6
(MutS homolog 6) and PMS2 (PMS1 homolog 2), could
be involved in oncogenesis and reduced genomic

stability. Le et al. [27] showed that MMR deficiency is
related to the responsiveness to ICI treatment in colo-
rectal cancers. Furthermore, they validated this conclu-
sion in 12 different tumor types. One main mechanism
is that the potential mutant neoantigen in tumors could
result in the clones of T cell expanding rapidly in vivo,
which is caused by the mutation accumulation of MMR
deficiency. Other possible mechanisms include upregula-
tion of PD-L1 expression, an increase in the TMB,

Treg cells

Enhanced Treg cells

=&

Fig. 2 Possible biomarkers in the tumor microenvironment after ICl therapy, including exhausted T cells, Treg cells, M2 TAMs, and MDSCs
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elevated TIL density and more potential immune re-
sponses to the tumor [28, 29].

Tumor mutational burden (TMB)

Except for some specific genetic alterations, the vast ma-
jority of alterations in tumor DNA are considered to be
related to responses to ICI therapy. TMB has been used
as a surrogate measurement of somatic mutation accu-
mulation. Many clinical studies have reinforced the no-
tion of TMB as an independent biomarker that is
predictive of ICI outcomes. Patients with a lower TMB
experienced worse response rates and OS than those
with a higher TMB. In a prospective randomized clinical
trial (Checkmate 026), it was found that PFS was longer
in advanced NSCLC patients with a higher TMB [30].
Moreover, a subset of respective studies validated the
predictive value of TMB in patients given various ICI
therapies and with different cancer types [31]. It is worth
noting that TMB cutoffs have been defined differently
across studies, testing platforms, and various patient
populations. In addition, it is important to acknowledge
that cutoffs might differ between tumor types and ICI
agents (e.g., >16 mutations/Mb for atezolizumab in
urothelial carcinoma; > 23.1 mutations/Mb for pembroli-
zumab in NSCLC; and > 13.5, 215.8, or > 17.1 mutations/
Mb for atezolizumab in NSCLC) [32-34]. A possible ex-
planation is that the accumulation of genomic alter-
ations will generate neoantigens at the protein level,
which could be recognized as foreign or nonself antigens
by the patient immune system. Neoantigenicity, mea-
sured by TMB, is believed to be responsible for the aug-
mentation of the immune response and has an impact on
the responses to checkpoint blockade therapy [35-38]. As
a valuable biomarker of ICI treatment for tumors, TMB
still needs to be further explored more to improve clinic
outcomes of patients. The standardization of TMB detec-
tion and clinical studies of its use in varying disease states
would push forward the approval of TMB as a companion
diagnostic for ICI [39]. Thus far, no study has reported
the relationship between TMB and HPD.

Tumor microenvironment biomarkers
Immunological cells

Regulatory T (Treg) cells Treg cells are a subset of
CD4" cells that specifically express the forkhead box
protein P3 (FoxP3) and play a key role in modulating
the antitumor T cell responses in the tumor microenvir-
onment. There is accumulating evidence that PD-1 and/
or PD-L1 are expressed on Treg cells, and thus, the ac-
tivity of Treg cells could be influenced by PD-1/PD-L1
blockade. Kamada et al. reported that the activation of
Treg cells was enhanced by blockage or deficiency of
PD-1 in both humans and mice [40].
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The possible mechanisms are as follows: First, PD-1
blockage treatment increases TCR and CD28 signaling
in Treg cells, thereby enhancing their proliferation and
suppression activity. Strong immune suppression caused
by expanded and activated Treg cells hampers the func-
tions of effector T cells, including CD4" T and CD8" T
cells [41, 42]. Second, more Treg cells would be re-
cruited by the activated PD-1* Treg cells with high ex-
pression of CTLA-4 through restriction of APC
activation and access for CD8'T cells (downregulation
of the costimulatory molecules CD80/CD86) [43, 44].
Third, IL-2 is absorbed rapidly by the activated PD-1*
Treg cells and is kept away from effector T cells in the
tumor response [41]. Fourth, upon ICI treatment, many
cytokines are upregulated to promote Treg cell expan-
sion and induction, such as adenosine and IDO (indolea-
mine 2,3-dioxygenase) [40]. Fifth, IFN-y is suppressed by
Treg cells through inhibition of the cytotoxic activities
of immune effector cells (Fig. 3). In general, the antitu-
mor efficacy of ICI may be regulated by PD-1" Treg cells
and effector T cells. In HPD, tumor cells would grow
uncontrollably as a result of the dominant status of PD-
1" Treg cells and escape of effector T cells from killing.

Exhausted T cells T cell dysfunction is defined as T cell
exhaustion, with inhibitory receptors strongly upregu-
lated in diversity and number, such as PD-1, LAG3
(lymphocyte activation gene 3 protein), TIGIT (T cell
immunoreceptor with immunoglobulin and ITIM do-
mains) and TIM3 (T cell immunoglobulin and mucin
domain-containing protein 3). Additionally, the dysfunc-
tion of T-cells includes diminished cytokine production,
an impaired kill-effect and hypoproliferation.

Upon ICI therapy, the compensatory immune-
checkpoints might overexpress and regulate local im-
mune suppression and escape [45]. When tumor pro-
gression occurred with the use of ICI in two NSCLC
patients and a lung adenocarcinoma murine model,
TIM3 overexpression was found in tumor-infiltrating
CD8" T cells. Similarly, CTLA-4 and LAG3 on cytotoxic
CD8" T cells were upregulated as a result of PD-1 block-
age in a murine model of ovarian cancer [46]. With ex-
pression of the above compensatory receptors, CD8" T
cells show serious dysfunction in cytokine production,
proliferation and migration. Furthermore, due to the
high concentration of neoantigens, the exhausted T cells
of patients with HPD were eventually re-exhausted and
failed to reinvigorate as memory T cells that work on
the clearance of old antigens. In addition, T cells could
be inhibited by the combination of PD-1/PD-L2 during
ICI therapy, while PD-1 or CD80 usually does not bind
with PD-L2 (expressed on endothelial cells, macrophages
and DCs) on the surface of T cells [47] (Fig. 4).
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Dendritic cells APCs (antigen-presenting cells), espe-
cially DCs (dendritic cells) play a crucial role in generat-
ing the anti-tumor response by T cells through indirect
uptake of tumor antigen, which occurs in the tumor site
or the lymph nodes tracked by costimulation and activa-
tion of antigen-specific T cells. In particular, the inter-
action between PD-1 on T cells and PD-L1 on DCs
could bring about inhibition of anti-tumor responses
along with the presentation of tumor antigens [48]. Add-
itionally, the cytokines in the tumor microenvironment
have a potential interference effect on DCs. The influ-
ence of TGF-f on DCs impairs their migratory ability
and decreases the expression of costimulatory molecules
(CD86/80) [49, 50]. IL-6 has an effect on preventing DC
maturation through the IL-6-gp130-STAT3 axis [51].
IDO plays a role in inhibiting the activity of DCs. Thus,
the alteration of DCs has a negative regulatory effect on
T cells in the anti-tumor response [52]. In HPD, the role
of DCs still needs to be validated.

Myeloid-derived suppressor cells MDSCs (myeloid-de-
rived suppressor cells) represent a heterogeneous group
of immunosuppressive cells, which have been thought to
play a vital role in regulating immune responses in many

pathological conditions, such as tumors and chronic in-
fection. Especially in the progression of tumors, MDSCs
contribute to tumor angiogenesis, metastasis and prog-
nosis [53]. Various findings have shown that low levels
of MDSCs are associated with better OS in prostate can-
cer [54] and breast and colorectal cancer [55]. Interest-
ingly, MDSCs have been found to be related to the
response to ICL. Meyer et al. [56] reported that melan-
oma patients with low frequencies of MDSCs might
benefit from ipilimumab treatment, which could be used
as a predictor in ICI treatment. Similar conclusions have
been reported in other studies [57-59]. Furthermore, in
mouse models of renal cell and Lewis lung carcinoma,
the combination of MDSCs blockade and ICI therapy
was found to result in a better OS than ICI therapy
alone [60]. Meanwhile, the combination with inhibitors,
including anti-CFS-1R, gemcitabine, phenformin, and
entinostat, enhances the effect of ICI therapy in melan-
oma [61] and head and neck cancer [62] (resistance to
CTLA-4 checkpoint inhibition reversed through select-
ive elimination of granulocytic myeloid cells). However,
the mechanism of MDSCs in HPD is still unknown but
might be related to impairment of the activity of effector
T cells, inducing expansion of Treg cells, reducing the
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functions of NK cells, and secretion of cytokines (such
as IDO, VEGF and MMP9) [63].

TAM (M2) cells M2 tumor-associated macrophages
(TAMs) are a subset of TAMs that participate in the re-
sponse to immunotherapy. They are associated with
pro-tumorigenic properties, while M1 macrophages pro-
mote anti-tumor immunity. Clinical studies found that
the presence of M2 macrophages is correlated with a
poor prognosis in various tumors [64]. Tumor growth
might be inhibited by depletion of TAMs in a murine
model of lung adenocarcinoma, especially by a decrease
in M2 TAM recruitment due to disruption of CCR2 ac-
tivation and CCL2 signaling [65].

A study of hepatocellular carcinoma suggested that the
responses of T cells were directly suppressed by macro-
phages. Blocking the binding of macrophage colony-
stimulating growth factor with receptors such as CSF-1R
could lead to tumor rejection. Increasing IFN production
and decreasing M2 TAM frequencies helped in over-
coming the potential resistance of TAMs in a murine
model of pancreatic cancer. Furthermore, tumor regres-
sion could be strengthened by blocking CSF-1R with a

combination of PD-1 and/or CTLA-4 antibodies [66]. Lo
Russo G et al. reported that infiltration of M2 TAMs
(M2-like CD163"CD33*PD-L1" clustered epithelioid
macrophages) was increased after treatment with PD-1
antibody, along with a large increase in tumor progres-
sion [11]. They assumed that the binding between FcR
and the specific immunophenotype of ICI might trigger
clustering of M2 TAMs and result in functional repro-
gramming of M2 TAMs toward a more invasive protu-
morigenic phenotype. Thus, HPD tends to be induced in
patients with particular genetic and immune profiles. Al-
ternative immune pathways in HPD need to be eluci-
dated in further research (Fig. 5).

Nonimmunological cells

CAFs Cancer associated fibroblasts (CAFs) are an im-
portant member of the tumor microenvironment and
have the specific marker alpha smooth muscle actin (a-
SMA). As a subset of activated fibroblasts, CAFs play a
positive role in tumor growth, progression, metastasis
and drug resistance, similar to myofibroblasts [67-69].
Many studies have reported that CAFs have an influence
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on regulation of immune cell recruitment, cell-cell interac-
tions with tumor cells, secretion of a variety of cytokines and
remodeling of the tumor matrix. Gok et al. [70] reported that
CAFs are related to immunosuppression through recruit-
ment of monocytes and transdifferentiating M2 TAMs in
breast cancer cells and thus could be used as an immune
therapeutic target in the future. The main explanation in
ICB is that CAFs could induce PD-1 expression in immune
cells. Other explanations include the following: monocytes
are recruited by CAFs, which markedly encompass immuno-
suppression and enhance the motility of tumor cells; CAFs
are capable of inducing differentiation of M1 TAMs into M2
TAMs and thus are related to the number of M2 TAMs.
Cheng et al. [71] found that the function of T cells was im-
paired by immunosuppressive neutrophils, which were in-
duced by CAFs in HCC. They suggested that CAFs recruit

neutrophils that then released IL-6, which could induce neu-
trophil activation and PD-L1 expression; thus, the PD-L1*
activated neutrophils have a pro-tumor role through the IL6-
STAT3-PD-L1 signaling pathway to inhibit T cell immunity.
Other notions have been presented about the role of CAFs
through TGEF-P signaling, such as promoting the differenti-
ation of Treg cells, and inhibiting the activation of CTLs and
NK cells. Furthermore, CAFs might induce PD-L1 expres-
sion in tumor cells. In ICI treatment, CAFs may be a novel
point for immunosuppression related to HPD.

Cytokines and inflammatory factors: the interferon-y (IFN-y)
pathway

The relationship between anti-PD-1/PD-L1 treatment
and the immune microenvironment is regulated by the
expression of IFN-y [72]. The immune-resistance of
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tumors could be enhanced by IFN-y through promotion
of PD-L1 expression in cancer cells. Activation of JAK1/
JAK2 leads to the recruitment and phosphorylation of
STAT1/STATS, followed by the binding of IFN-y to its
specific receptor IFNGR1/IFNGR2. Then, expression of
PD-L1 could be enhanced by activation of interferon
regulatory factor 1 (IRF1) [73]. Moreover, through a
JAK2-independent pathway, the PI3K-AKT pathway
could be activated by IFN-y, thus upregulating PD-L1
expression in lung adenocarcinoma [74]. Tumor cells
could escape from the immune response by increasing
the PD-L1 level, and thus, the immune-resistance of tu-
mors could be inhibited by ICI treatment. Meanwhile,
the improvement in antigen-presenting machinery
(APM) components and chemokine production induced
by IEN-y attracted T cells and had a suppressive effect
on tumor growth. Sustained release of IFN-y by T cells
could upregulate the selection pressure of tumor cells,
resulting in acquired deficiency of the IFN-y pathway
and acquired resistance to ICI through loss of sensitivity
to IFN-y.

Activation of compensatory immune checkpoints in
T cells In vitro studies show that preneutralization of
PD-1 antibody and soluble PD-1 might be prevented
through an increase in IL-10 secretion and inhibition of
the activation of bone marrow-derived DCs by soluble
PD-1-Ig fusion protein [75]. In conclusion, the immune
response of antitumor CD8" T cells against cancer cells
might be inhibited by upregulation of other alternative
checkpoints in an immunosuppression mechanism.

Abnormality of laboratory biomarkers

As a noninvasive and easy-to-use method, serum bio-
marker detection has been used to screen various tu-
mors. Only a few studies have determined whether
serum features could be used to monitor HPD. Sasaki
et al. [76] found that the ANC (absolute neutrophil
count), CRP (C-reactive protein) and LDH (lactate de-
hydrogenase) levels were obviously lower (ANC, 2720/pl
vs. 4490/ul, P = 0.002; CRP, 0.50 mg/dl vs. 4.0 mg/dl, P =
0.006; LDH, 179.5U/1 vs. 396.0 U/l, P=0.006) in non-
HPD patients than in HPD patients among 73 patients
administered nivolumab treatment. Especially, the levels
of ANC (7740/ul vs. 4490/pl) and CRP (8.3 mg/dl vs. 4.0
mg/dl) were significantly increased in the HPD group
after 4 weeks of nivolumab treatment. Upregulation of
the ANC might be used to reflect the release of prema-
ture myeloid cells from the bone marrow, which modu-
lates crucial cancer-associated activities, such as immune
evasion and cancer therapy options. Most importantly,
the response to ICI treatment is related to MDSCs re-
cruitment [77]. Gonda et al. [78] reported that MDSCs
counts are also positively related to CRP levels. Thus,
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Sasaki A proposed that elevated ANC and CRP levels
might be caused by an increase in MDSCs fractions,
which could potentially be used to assess HPD status
[76]. Although the relevant mechanisms are poorly
understood, detection of alterations in these laboratory
biomarkers can be a favorable and easy approach for
early HPD prediction.

Clinical indicators of HPD

To date, certain clinical variables have been found to be
associated with HPD, including local recurrence in the
field of irradiation, two or more metastatic areas and ad-
vanced age.

Saada-Bouzid et al. [15] reported for the first time that
HPD occurred upon ICI treatment in RSCCHN patients
with local recurrence, while HPD did not occur in pa-
tients with distant recurrence or without local recur-
rence. An important confounding hypothesis of HPD is
that early metastasis in the neck lymph nodes may
reinforce the immune reaction. Thus, it seems reason-
able to postulate that the tumor microenvironment is
modified by radiotherapy by downregulating the main
cytokines, decreasing TIL (tumor infiltrating lympho-
cyte) numbers and increasing the number of PD-L1
transcripts [79]. Furthermore, based on a T-cell
dependent pathway, the failure of ICI treatment is
thought to be significantly related to a lack of TILs [80].
However, some retrospective models have shown that
the immune system could be stimulated or inhibited by
various doses and delivery methods [81].

Later, Ferrara et al. [13] suggested that HPD occurred
more frequently in advanced NSCLC patients with more
than two metastatic sites during therapy with PD-1/PD-
L1 antibody. One possible explanation is that more ag-
gressive tumor phenotypes imply a higher risk of HPD.
However, there are inconsistent studies indicating that
the progression rate and new lesion incidence were
lower at the beginning of ICI treatment, and thus, more
efforts should be made to explore the possible relation-
ship between metastatic sites and HPD occurrence.

Third, older patients (>65) were found to undergo
HPD during ICI treatment more often than younger pa-
tients and had a worse prognosis [12]. Many randomized
controlled trials also reported that less benefit was ob-
tained by older patients than by younger patients, which
validated that age plays a role in immunotherapy [82].
The mechanisms connecting HPD and advanced age re-
main unclear. Immunosenescence is one possibility. In
older individuals, as one of the most obvious characteris-
tics, T cell immunity reduction generated by age-related
thymic atrophy has been thought to be connected with
autoimmune disease, inflammation and tumorigenesis.
Those diseases could be caused by decreasing antigen
recognition and a weak immune system. For example,
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decreases in native T cells along with age are produced
by the thymus throughout life [83]. Furthermore, while
the number of T cells is maintained at a certain level,
the diversity of T cells is downregulated with age: mem-
ory T cells are consistently upregulated with age, while
effector T cells are obviously downregulated, with a spe-
cific decrease in the diversity of T cell receptors and
greatly increased potential of decreased proliferation
[84]. Signaling of T cells, such as by the T cell receptor
also wanes in aged patients [85]. As a potential predict-
ive biomarker, the role of age in HPD needs further
study in a great number of patients.

Remaining HPD controversies

Given that HPD has been reported in several studies
after anti-PD-1/PD-L1 therapies, we wonder if this
phenomenon is a clinical reality in response to immuno-
therapy for cancer or a simple behavior of the natural
outcome of aggressive, fast-growing tumors without
treatment? This question, was also proposed in the 2019
Annual Meeting of AACR American (Association for
Cancer Research) in Atlanta, GA, and different views
exist: HPD was supported by 58% of participants, 12% of
participants held other views, and the other 30% were
undecided.

One reason for skepticism about HPD is the lacking of
an accurate definition, although the key criteria for HPD
are fast progression and early death. For fast progression,
TGR/TGK are used to measure tumor burden on CT
scans before and after ICI. However, there are still sev-
eral limitations: the cut-off for TGR is not unified, a lack
of CT-scan evaluations in the first line of treatment, the
growth rate of the tumor is not included in the TGR es-
timation, and the risk of HPD with/without overlapping
other therapies is increased; thus, TGK should be in-
cluded. The definition of HPD is a more than two-fold in-
crease in TGR and TGK between the basic evaluation and
the first CT imaging evaluation in the period of anti-PD1/
PD-L1 therapy based on RECIST 1.1 of PD, which can ef-
fectively eliminate the possibility of overestimating the in-
cidence of HPD. Based on TGR and TGK, the norm of
tumor growth only includes the variation in target lesions,
but new lesions are excluded. Because TGR and TGK are
very similar (measured by CT) in a robust manner, TTF
has also been employed as one of the clinical criteria. In
the 2019 AACR, the criteria were broadly agreed to be a
TTF within 2 months, more than a two-fold tumor burden
compared with the baseline TGK, and at least a two-fold
increase in the pace of disease progression. Essentially,
there must be an inflection point in the slope of TGK.

In addition, as far as we know, previous studies of
HPD have been retrospective and only analyzed a small
number of patients with diverse cancer types. All these
studies reported that the incidence rates of HPD have
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no statistical variation among cancer types. Prospective
studies in various tumors are needed to validate these
findings.

Furthermore, some researchers doubt that all the
treatment strategies may affect the pattern of therapeutic
response. As we know, HPD patients have a significantly
shorter OS compared with other patients [13], suggest-
ing that HPD is an unexpected therapeutic event. There
is no significant difference in the OS of HPD patients
with ICI therapy and chemotherapy (median (95% CI):
3.4 (2.8-7.5) VS. 4.5 (2.5-6.5) months, P> 0.05) [13]. In
addition, there is no specific data on the occurrence of
HPD after traditional chemotherapy, and few data are
available on HPD in patients treated with combination
therapies or not treated.

Fourth, biological mechanisms and predictive factors
are poorly understood. To better prevent HPD, multidi-
mensional studies should be performed, such as gene-
expression patterns studies (whole-genome sequencing
in tumor cells), cellular pathology studies (expression of
immune-checkpoints and/or their ligands), radiometric
studies (high-throughput CT, MR, and PET scans), and
studies of serum and tumor microenvironment bio-
markers (quantification of different cellular populations,
cytokines and soluble mediators).

Management of HPD

Effective strategies should be explored to treat patients
with HPD. Patients showing HPD clinical features
should suspend further ICI treatment, and those in good
clinical condition should be re-estimated early and
switched to another potentially effective treatment, such
as chemotherapy. However, the rapid deterioration in HPD
limits the opportunity to administer other treatments to pa-
tients. Due to the lack of relevant literature reports, whether
chemotherapy might have an influence on the OS of patients
with HPD remains unknown. Previous retrospective studies
have only reported that the response to chemotherapy follow-
ing progression under immunotherapy was not ideal [86, 87].
Based on promotion of tumor progression, cytotoxic and/or
anti-angiogenic agents might also be connected with anti-
tumor efficacy. Many studies on the tumor immune micro-
environment will enable the identification of specific subsets
of immunosuppressive cells and alternative immune check-
points for further exploration of immunomodulatory agents in
the near future. Moreover, researchers should attempt to as-
sess the HPD status at the time of ICI usage and guide the
best management of patients. Earlier identification of HPD will
allow patients to benefit more from alternative therapies.

Conclusion

In the past few years, the advantage of ICI therapy in on-
cology has led to a prominent improvement in the prog-
nosis of patients with several tumor types. However, a
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growing body of data suggests that some patients (9—
23% patients) experience an inconceivable acceleration
in tumor growth during anti-PD-1/PD-L1 therapy. This
view that a given antitumor therapy might stimulate
tumor progression is not new but is still controversial.
The definition of HPD should be standardized in the fu-
ture. In addition to the currently used criteria, further
methods to assess the response to ICI therapy need to
be proposed to identify and guide reasonable manage-
ment of patients with HPD. Multidimensional studies
should be conducted to integrate an optimal method to
assess HPD at an earlier time point than currently in
use, thereby avoiding the risk of patients receiving inef-
fective treatment. Further investigations in larger cohorts
and prospective studies are needed. In addition, there is
an urgent need to explore the molecular mechanism of
HPD, which will lead to effective biomarkers for identi-
fying people at high risk for HPD.

Abbreviations

ICl: Immune checkpoint inhibitors; NSCLC: Non-small cell lung cancer;
HNSCC: Squamous cell carcinoma of the head and neck; PR: Partial response;
CR: Complete response; OS: Overall survival; HPD: Hyperprogressive disease;
TTF: Time to treatment failure; TGR: Tumor growth rate; TGK: Tumor growth
kinetics; PFS: Progression-free survival; MDM2/4: Murine double minute 2/4;
MSI: Microsatellite instability; IRF-8: Interferon regulatory factor 8;

MMR: Mismatch repair; TMB: Tumor mutational burden; APCs: Antigen-
presenting cells; DCs: Dendritic cells; MDSCs: Myeloid-derived suppressor
cells; TAMs: Tumor-associated macrophages; CAFs: Cancer-associated
fibroblasts; ANC: Absolute neutrophil count; CRP: C-reactive protein;

TILs: Tumor-infiltrating lymphocytes

Acknowledgments
We thank Shaocong Wu for imaging analysis.

Availability of supporting data
Not applicable.

Authors’ contributions

L.F. designed and finalized the study; XW. wrote the paper; FW, M.Z. and
Y.Y. participated in revising the review. All the authors approved the final
version submitted.

Funding

National Natural Science Foundation of China (no. 81473233); Science and
Technology Program of Guangzhou (no. 201504010038, 201604020079, and
201601010008).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
All authors in our study declare that they have no potential competing
interests.

Author details

'State Key Laboratory of Oncology in South China, Collaborative Innovation
Center for Cancer Medicine, Guangdong Esophageal Cancer Institute, Sun
Yat-sen University Cancer Center, Guangzhou, China. “Department of
Biological Regulation, Weizmann Institute of Science, 76100 Rehovot, Israel.

Page 13 of 15

Received: 4 February 2020 Accepted: 15 April 2020
Published online: 02 May 2020

References

1. Moujaess E, Haddad FG, Eid R, Kourie HR. The emerging use of immune
checkpoint blockade in the adjuvant setting for solid tumors: a review.
Immunotherapy-Uk. 2019;11:1409-1422.

2. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. 2018;359:1350-5.

3. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, Hassel JC,
Rutkowski P, McNeil C, Kalinka-Warzocha E, et al. Nivolumab in previously
untreated melanoma without BRAF mutation. N Engl J Med. 2015,372:320—
30.

4. Gettinger S, Horn L, Jackman D, Spigel D, Antonia S, Hellmann M, Powderly
J, Heist R, Sequist LV, Smith DC, et al. Five-year follow-up of Nivolumab in
previously treated advanced non-small-cell lung Cancer: results from the
CA209-003 study. J Clin Oncol. 2018;36:1675-84.

5. Motzer RJ, Escudier B, McDermott DF, George S, Hammers HJ, Srinivas S,
Tykodi SS, Sosman JA, Procopio G, Plimack ER, et al. Nivolumab versus
Everolimus in advanced renal-cell carcinoma. N Engl J Med. 2015;373:1803—
13.

6. Specenier P. Nivolumab in squamous cell carcinoma of the head and neck.
Expert Rev Anticancer Ther. 2018;18:409-20.

7. Larkin J, Minor D, D'Angelo S, Neyns B, Smylie M, Miller WJ, Gutzmer R,
Linette G, Chmielowski B, Lao CD, et al. Overall survival in patients with
advanced melanoma who received Nivolumab versus Investigator's choice
chemotherapy in CheckMate 037: a randomized, controlled, open-label
phase Il trial. J Clin Oncol. 2018;36:383-90.

8. Wolchok JD, Hoos A, O'Day S, Weber JS, Hamid O, Lebbe C, Maio M, Binder
M, Bohnsack O, Nichol G, et al. Guidelines for the evaluation of immune
therapy activity in solid tumors: immune-related response criteria. Clin
Cancer Res. 2009;15:7412-20.

9. Nishino M, Giobbie-Hurder A, Gargano M, Suda M, Ramaiya NH, Hodi FS.
Developing a common language for tumor response to immunotherapy:
immune-related response criteria using unidimensional measurements. Clin
Cancer Res. 2013;19:3936-43.

10.  Seymour L, Bogaerts J, Perrone A, Ford R, Schwartz LH, Mandrekar S, Lin NU,
Litiere S, Dancey J, Chen A, et al. iRECIST: guidelines for response criteria for
use in trials testing immunotherapeutics. Lancet Oncol. 2017;18:e143-52.

11. Lo RG, Moro M, Sommariva M, Cancila V, Boeri M, Centonze G, Ferro S,
Ganzinelli M, Gasparini P, Huber V, et al. Antibody-fc/FcR interaction on
macrophages as a mechanism for Hyperprogressive disease in non-small
cell lung Cancer subsequent to PD-1/PD-L1 blockade. Clin Cancer Res. 2019;
25:989-99.

12, Champiat S, Dercle L, Ammari S, Massard C, Hollebecque A, Postel-Vinay S,
Chaput N, Eggermont A, Marabelle A, Soria JC, Ferte C. Hyperprogressive
disease is a new pattern of progression in Cancer patients treated by anti-
PD-1/PD-L1. Clin Cancer Res. 2017;23:1920-8.

13. Ferrara R, Mezquita L, Texier M, Lahmar J, Audigier-Valette C, Tessonnier L,
Mazieres J, Zalcman G, Brosseau S, Le Moulec S, et al. Hyperprogressive
disease in patients with advanced non-small cell lung Cancer treated with
PD-1/PD-L1 inhibitors or with single-agent chemotherapy. Jama Oncol.
2018:4:1543-52.

14.  Kanjanapan Y, Day D, Wang L, Al-Sawaihey H, Abbas E, Namini A, Siu LL,
Hansen A, Razak AA, Spreafico A, et al. Hyperprogressive disease in early-
phase immunotherapy trials: clinical predictors and association with
immune-related toxicities. Cancer-Am Cancer Soc. 2019;125:1341-9.

15.  Saada-Bouzid E, Defaucheux C, Karabajakian A, Coloma VP, Servois V,
Paoletti X, Even C, Fayette J, Guigay J, Loirat D, et al. Hyperprogression
during anti-PD-1/PD-L1 therapy in patients with recurrent and/or metastatic
head and neck squamous cell carcinoma. Ann Oncol. 2017,28:1605-11.

16.  Matos |, Martin-Liberal J, Garcia-Ruiz A, Hierro C, Ochoa DOM, Viaplana C,
Azaro A, Vieito M, Brana I, Mur G, et al, Capturing Hyperprogressive Disease
with Immune-Checkpoint Inhibitors Using RECIST 1.1 Criteria. Clin Cancer
Res. 2020,26:1846-1855.

17. Champiat S, Ferrara R, Massard C, Besse B, Marabelle A, Soria JC, Ferte C.
Hyperprogressive disease: recognizing a novel pattern to improve patient
management. Nat Rev Clin Oncol. 2018;15:748-62.

18. Nag S, Zhang X, Srivenugopal KS, Wang MH, Wang W, Zhang R. Targeting
MDM2-p53 interaction for cancer therapy: are we there yet? Curr Med
Chem. 2014;21:553-74.



Wang et al. Molecular Cancer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34,

35.
36.

37.

38.

39.

40.

(2020) 19:81

Zhang WH. MDM2 oncogene as a novel target for human cancer therapy.
Curr Pharm Des. 2000,6:393-416.
Wan Y, Wu W, Yin Z, Guan P, Zhou B. MDM2 SNP309, gene-gene

interaction, and tumor susceptibility: an updated meta-analysis. BMC Cancer.

2011;11:208.

Rayburn E, Zhang R, He J, Wang H. MDM2 and human malignancies:
expression, clinical pathology, prognostic markers, and implications for
chemotherapy. Curr Cancer Drug Targets. 2005;5:27-41.

Kato S, Goodman A, Walavalkar V, Barkauskas DA, Sharabi A, Kurzrock R.
Hyperprogressors after immunotherapy: analysis of genomic alterations
associated with accelerated growth rate. Clin Cancer Res. 2017;23:4242-50.
Huang L, Fu L. Mechanisms of resistance to EGFR tyrosine kinase inhibitors.
Acta Pharm Sin B. 2015;5:390-401.

Gainor JF, Shaw AT, Sequist LV, Fu X, Azzoli CG, Piotrowska Z, Huynh TG,
Zhao L, Fulton L, Schultz KR, et al. EGFR mutations and ALK rearrangements
are associated with low response rates to PD-1 pathway blockade in non-
small cell lung Cancer: a retrospective analysis. Clin Cancer Res. 2016,22:
4585-93.

Akbay EA, Koyama S, Carretero J, Altabef A, Tchaicha JH, Christensen CL,
Mikse OR, Cherniack AD, Beauchamp EM, Pugh TJ, et al. Activation of the
PD-1 pathway contributes to immune escape in EGFR-driven lung tumors.
Cancer Discov. 2013;3:1355-63.

Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, Berent-
Maoz B, Pang J, Chmielowski B, Cherry G, et al. Genomic and Transcriptomic
features of response to anti-PD-1 therapy in metastatic melanoma. Cell.
2016;165:35-44.

Lee V, Le DT. Efficacy of PD-1 blockade in tumors with MMR deficiency.
Immunotherapy-Uk. 2016;8:1-3.

Mills AM, Dill EA, Moskaluk CA, Dziegielewski J, Bullock TN, Dillon PM. The
relationship between mismatch repair deficiency and PD-L1 expression in
breast carcinoma. Am J Surg Pathol. 2018;42:183-91.

Jin Z, Yoon HH. The promise of PD-1 inhibitors in gastro-esophageal
cancers: microsatellite instability vs. PD-L1. J Gastrointest Oncol. 2016;7:771-
88.

Carbone DP, Reck M, Paz-Ares L, Creelan B, Horn L, Steins M, Felip E, van
den Heuvel MM, Ciuleanu TE, Badin F, et al. First-line Nivolumab in stage IV
or recurrent non-small-cell lung Cancer. N Engl J Med. 2017;376:2415-26.
Klempner SJ, Fabrizio D, Bane S, Reinhart M, Peoples T, Ali SM, Sokol ES,
Frampton G, Schrock AB, Anhorn R, Reddy P. Tumor mutational burden as a
predictive biomarker for response to immune checkpoint inhibitors: a
review of current evidence. Oncologist. 2019.

Balar AV, Galsky MD, Rosenberg JE, Powles T, Petrylak DP, Bellmunt J, Loriot
Y, Necchi A, Hoffman-Censits J, Perez-Gracia JL, et al. Atezolizumab as first-
line treatment in cisplatin-ineligible patients with locally advanced and
metastatic urothelial carcinoma: a single-arm, multicentre, phase 2 trial.
Lancet. 2017;389:67-76.

Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY,
Barron DA, Zehir A, Jordan EJ, Omuro A, et al. Tumor mutational load
predicts survival after immunotherapy across multiple cancer types. Nat
Genet. 2019;51:202-6.

Johnson DB, Frampton GM, Rioth MJ, Yusko E, Xu Y, Guo X, Ennis RC,
Fabrizio D, Chalmers ZR, Greenbowe J, et al. Targeted next generation
sequencing identifies markers of response to PD-1 blockade. Cancer
Immunol Res. 2016;4:959-67.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144.646-74.

Yi M, Qin S, Zhao W, Yu S, Chu Q, Wu K. The role of neoantigen in immune
checkpoint blockade therapy. Exp Hematol Oncol. 2018;7:28.

Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, Zhang W, Luoma A,
Giobbie-Hurder A, Peter L, et al. An immunogenic personal neoantigen
vaccine for patients with melanoma. Nature. 2017,547:217-21.

Keskin DB, Anandappa AJ, Sun J, Tirosh |, Mathewson ND, Li S, Oliveira G, Giobbie-
Hurder A, Felt K, Gjini E, et al. Neoantigen vaccine generates intratumoral T cell
responses in phase b glioblastoma trial. Nature. 2019;565:234-9.

Heeke S, Hofman P. Tumor mutational burden assessment as a predictive
biomarker for immunotherapy in lung cancer patients: getting ready for
prime-time or not? Transl Lung Cancer Res. 2018;7:631-8.

Kamada T, Togashi Y, Tay C, Ha D, Sasaki A, Nakamura Y, Sato E, Fukuoka S,
Tada Y, Tanaka A, et al. PD-1(+) regulatory T cells amplified by PD-1
blockade promote hyperprogression of cancer. Proc Natl Acad Sci U S A.
2019;116:9999-10008.

41.

42.

43.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 14 of 15

Corthay A. How do regulatory T cells work? Scand J Immunol. 2009;70:326-
36.

Wing JB, Tanaka A, Sakaguchi S. Human FOXP3(+) regulatory T cell
heterogeneity and function in autoimmunity and Cancer. Immunity. 2019;
50:302-16.

Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z,
Nomura T, Sakaguchi S. CTLA-4 control over Foxp3+ regulatory T cell
function. Science. 2008;322:271-5.

Onishi Y, Fehervari Z, Yamaguchi T, Sakaguchi S. Foxp3+ natural regulatory
T cells preferentially form aggregates on dendritic cells in vitro and actively
inhibit their maturation. Proc Natl Acad Sci U S A. 2008;105:10113-8.
Koyama S, Akbay EA, Li YY, Herter-Sprie GS, Buczkowski KA, Richards WG,
Gandhi L, Redig AJ, Rodig SJ, Asahina H, et al. Adaptive resistance to
therapeutic PD-1 blockade is associated with upregulation of alternative
immune checkpoints. Nat Commun. 2016;7:10501.

Huang RY, Francois A, McGray AR, Miliotto A, Odunsi K. Compensatory
upregulation of PD-1, LAG-3, and CTLA-4 limits the efficacy of single-agent
checkpoint blockade in metastatic ovarian cancer. Oncoimmunology. 2017;
6:21249561.

Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance
and immunity. Annu Rev Immunol. 2008,26:677-704.

Hassannia H, Ghasemi CM, Atyabi F, Nosouhian M, Masjedi A, Hojjat-
Farsangi M, Namdar A, Azizi G, Mohammadi H, Ghalamfarsa G, et al.
Blockage of immune checkpoint molecules increases T-cell priming
potential of dendritic cell vaccine. Immunology. 2020;159:75-87.
Martin-Fontecha A, Sebastiani S, Hopken UE, Uguccioni M, Lipp M,
Lanzavecchia A, Sallusto F. Regulation of dendritic cell migration to the
draining lymph node: impact on T lymphocyte traffic and priming. J Exp
Med. 2003;198:615-21.

Flavell RA, Sanjabi S, Wrzesinski SH, Licona-Limon P. The polarization of
immune cells in the tumour environment by TGFbeta. Nat Rev Immunol.
2010;10:554-67.

Cheng JT, Deng YN, Yi HM, Wang GY, Fu BS, Chen WJ, Liu W, Tai Y, Peng
YW, Zhang Q. Hepatic carcinoma-associated fibroblasts induce 1DO-
producing regulatory dendritic cells through IL-6-mediated STAT3
activation. Oncogenesis. 2016;5:2198.

Harryvan TJ, Verdegaal E, Hardwick J, Hawinkels L, van der Burg SH.
Targeting of the Cancer-associated fibroblast-T-cell Axis in solid
malignancies. J Clin Med. 2019;8.

Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The nature of myeloid-derived
suppressor cells in the tumor microenvironment. Trends Immunol. 2016;37:
208-20.

Santegoets SJ, Stam AG, Lougheed SM, Gall H, Jooss K, Sacks N, Hege K,
Lowy |, Scheper RJ, Gerritsen WR, et al. Myeloid derived suppressor and
dendritic cell subsets are related to clinical outcome in prostate cancer
patients treated with prostate GVAX and ipilimumab. J Immunother Cancer.
2014;2:31.

Solito S, Falisi E, Diaz-Montero CM, Doni A, Pinton L, Rosato A, Francescato
S, Basso G, Zanovello P, Onicescu G, et al. A human promyelocytic-like
population is responsible for the immune suppression mediated by
myeloid-derived suppressor cells. Blood. 2011;118:2254-65.

Meyer C, Cagnon L, Costa-Nunes CM, Baumgaertner P, Montandon N,
Leyvraz L, Michielin O, Romano E, Speiser DE. Frequencies of circulating
MDSC correlate with clinical outcome of melanoma patients treated with
ipilimumab. Cancer Immunol Immunother. 2014,63:247-57.

Sade-Feldman M, Kanterman J, Klieger Y, Ish-Shalom E, Olga M, Saragovi A,
Shtainberg H, Lotem M, Baniyash M. Clinical significance of circulating
CD33+CD11b+HLA-DR- myeloid cells in patients with stage IV melanoma
treated with Ipilimumab. Clin Cancer Res. 2016;,22:5661-72.

Martens A, Wistuba-Hamprecht K, Geukes FM, Yuan J, Postow MA, Wong P,
Romano E, Khammari A, Dreno B, Capone M, et al. Baseline peripheral
blood biomarkers associated with clinical outcome of advanced melanoma
patients treated with Ipilimumab. Clin Cancer Res. 2016;22:2908-18.

Weide B, Martens A, Zelba H, Stutz C, Derhovanessian E, Di Giacomo AM,
Maio M, Sucker A, Schilling B, Schadendorf D, et al. Myeloid-derived
suppressor cells predict survival of patients with advanced melanoma:
comparison with regulatory T cells and NY-ESO-1- or melan-A-specific T
cells. Clin Cancer Res. 2014;20:1601-9.

Orillion A, Hashimoto A, Damayanti N, Shen L, Adelaiye-Ogala R, Arisa S,
Chintala S, Ordentlich P, Kao C, Elzey B, et al. Entinostat neutralizes myeloid-
derived suppressor cells and enhances the antitumor effect of PD-1



Wang et al. Molecular Cancer

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

(2020) 19:81

inhibition in murine models of lung and renal cell carcinoma. Clin Cancer
Res. 2017;23:5187-201.

Kim SH, Li M, Trousil S, Zhang Y, Pasca DMM, Swanson KD, Zheng B.
Phenformin inhibits myeloid-derived suppressor cells and enhances the
anti-tumor activity of PD-1 blockade in melanoma. J Invest Dermatol. 2017;
137:1740-8.

Clavijo PE, Moore EC, Chen J, Davis RJ, Friedman J, Kim Y, Van Waes C, Chen
Z, Allen CT. Resistance to CTLA-4 checkpoint inhibition reversed through
selective elimination of granulocytic myeloid cells. Oncotarget. 2017,8:
55804-20.

Weber R, Fleming V, Hu X, Nagibin V, Groth C, Altevogt P, Utikal J, Umansky
V. Myeloid-derived suppressor cells hinder the anti-Cancer activity of
immune checkpoint inhibitors. Front Immunol. 2018,9:1310.

Pollard JW. Tumour-educated macrophages promote tumour progression
and metastasis. Nat Rev Cancer. 2004;4:71-8.

Fritz JM, Tennis MA, Orlicky DJ, Lin H, Ju C, Redente EF, Choo KS, Staab TA,
Bouchard RJ, Merrick DT, et al. Depletion of tumor-associated macrophages
slows the growth of chemically induced mouse lung adenocarcinomas.
Front Immunol. 2014;5:587.

Zhu Y, Knolhoff BL, Meyer MA, Nywening TM, West BL, Luo J, Wang-Gillam A,
Goedegebuure SP, Linehan DC, DeNardo DG. CSF1/CSF1R blockade reprograms
tumor-infiltrating macrophages and improves response to T-cell checkpoint
immunotherapy in pancreatic cancer models. Cancer Res. 2014;74:5057-69.
Gunaydin G, Kesikli SA, Guc D. Cancer associated fibroblasts have
phenotypic and functional characteristics similar to the fibrocytes that
represent a novel MDSC subset. Oncoimmunology. 2015;4:21034918.
Cheteh EH, Augsten M, Rundqvist H, Bianchi J, Sarne V, Egevad L, Bykov VJ,
Ostman A, Wiman KG. Human cancer-associated fibroblasts enhance
glutathione levels and antagonize drug-induced prostate cancer cell death.
Cell Death Dis. 2017,8:2848.

Harper J, Sainson RC. Regulation of the anti-tumour immune response by
cancer-associated fibroblasts. Semin Cancer Biol. 2014;25:69-77.

Gok YB, Gunaydin G, Gedik ME, Kosemehmetoglu K, Karakoc D, Ozgur F, Guc D.
Cancer associated fibroblasts sculpt tumour microenvironment by recruiting
monocytes and inducing immunosuppressive PD-1(+) TAMs. Sci Rep. 201993172,
Cheng Y, Li H, Deng Y, Tai Y, Zeng K, Zhang Y, Liu W, Zhang Q, Yang Y.
Cancer-associated fibroblasts induce PDL1+ neutrophils through the IL6-
STAT3 pathway that foster immune suppression in hepatocellular
carcinoma. Cell Death Dis. 2018;9:422.

Teng F, Meng X, Kong L, Yu J. Progress and challenges of predictive
biomarkers of anti PD-1/PD-L1 immunotherapy: a systematic review. Cancer
Lett. 2018;414:166-73.

Abril-Rodriguez G, Ribas A. SnapShot: immune checkpoint inhibitors. Cancer
Cell. 2017;31:848.

Gao Y, Yang J, Gai Y, Fu S, Zhang N, Fu X, Li L. IFN-gamma-mediated
inhibition of lung cancer correlates with PD-L1 expression and is regulated
by PI3K-AKT signaling. Int J Cancer. 2018;143:931-43.

Kuipers H, Muskens F, Willart M, Hijdra D, van Assema FB, Coyle AJ,
Hoogsteden HC, Lambrecht BN. Contribution of the PD-1 ligands/PD-1
signaling pathway to dendritic cell-mediated CD4+ T cell activation. Eur J
Immunol. 2006;36:2472-82.

Sasaki A, Nakamura Y, Mishima S, Kawazoe A, Kuboki Y, Bando H, Kojima T,
Doi T, Ohtsu A, Yoshino T, et al. Predictive factors for hyperprogressive
disease during nivolumab as anti-PD1 treatment in patients with advanced
gastric cancer. Gastric Cancer. 2019;22:793-802.

Engblom C, Pfirschke C, Pittet MJ. The role of myeloid cells in cancer
therapies. Nat Rev Cancer. 2016;16:447-62.

Gonda K, Shibata M, Ohtake T, Matsumoto Y, Tachibana K, Abe N, Ohto H,
Sakurai K, Takenoshita S. Myeloid-derived suppressor cells are increased and
correlated with type 2 immune responses, malnutrition, inflammation, and
poor prognosis in patients with breast cancer. Oncol Lett. 2017;14:1766-74.
Alexander GS, Palmer JD, Tuluc M, Lin J, Dicker AP, Bar-Ad V, Harshyne LA,
Louie J, Shaw CM, Hooper DC, Lu B. Immune biomarkers of treatment
failure for a patient on a phase | clinical trial of pembrolizumab plus
radiotherapy. J Hematol Oncol. 2016,9:96.

Ascierto PA, Kalos M, Schaer DA, Callahan MK, Wolchok JD. Biomarkers for
immunostimulatory monoclonal antibodies in combination strategies for
melanoma and other tumor types. Clin Cancer Res. 2013;19:1009-20.
Schaue D, Ratikan JA, Iwamoto KS, McBride WH. Maximizing tumor
immunity with fractionated radiation. Int J Radiat Oncol Biol Phys. 2012;
83:1306-10.

82.

83.

84.

85.

86.

87.

Page 15 of 15

Zhang L, Sun L, Yu J, Shan F, Zhang K, Pang X, Ma C, Zhang Y, Shen M, Ma
S, Ruan S. Comparison of immune checkpoint inhibitors between older and
younger patients with advanced or metastatic lung Cancer: a systematic
review and meta-analysis. Biomed Res Int. 2019;2019:9853701.

Palmer DB. The effect of age on thymic function. Front Immunol. 2013;4:
316.

Fulop T, Larbi A, Pawelec G. Human T cell aging and the impact of
persistent viral infections. Front Immunol. 2013;4:271.

Fulop T, Witkowski JM, Le Page A, Fortin C, Pawelec G, Larbi A. Intracellular
signalling pathways: targets to reverse immunosenescence. Clin Exp
Immunol. 2017;187:35-43.

Ogawara D, Soda H, Iwasaki K, Suyama T, Taniguchi H, Fukuda Y, Mukae H.
Remarkable response of nivolumab-refractory lung cancer to salvage
chemotherapy. Thorac Cancer. 2018;9:175-80.

Schvartsman G, Peng SA, Bis G, Lee JJ, Benveniste M, Zhang J, Roarty EB,
Lacerda L, Swisher S, Heymach JV, et al. Response rates to single-agent
chemotherapy after exposure to immune checkpoint inhibitors in advanced
non-small cell lung cancer. Lung Cancer. 2017;112:90-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Incidence of HPD
	Biomarkers associated with HPD
	Tumor cell biomarkers
	Deficiency of mismatch repair and microsatellite instability
	Tumor mutational burden (TMB)

	Tumor microenvironment biomarkers
	Immunological cells
	Nonimmunological cells
	Cytokines and inflammatory factors: the interferon-γ (IFN-γ) pathway
	Abnormality of laboratory biomarkers

	Clinical indicators of HPD
	Remaining HPD controversies
	Management of HPD

	Conclusion
	Abbreviations
	Acknowledgments
	Availability of supporting data
	Authors’ contributions
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

