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Introduction: Immune checkpoint blockade inhibitor (ICI) therapy offers

significant survival benefits for malignant melanoma. However, some patients

were observed to be in disease progression after the first few treatment cycles.

As such, it is urgent to find convenient and accessible indicators that assess

whether patients can benefit from ICI therapy.

Methods: In the training cohort, flow cytometry was used to determine the

absolute values of 66 immune cell subsets in the peripheral blood of melanoma

patients (n=29) before treatment with anti-PD-1 inhibitors. The least absolute

shrinkage and selection operator (LASSO) Cox regression model was followed

for the efficacy of each subset in predicting progression-free survival. Then we

validated the performance of the selected model in validation cohorts (n=20),

and developed a nomogram for clinical use.

Results: A prognostic immune risk score composed of CD1c+ dendritic cells

and three subsets of T cells (CD8+CD28+, CD3+TCRab+HLA-DR+,

CD3+TCRgd+HLA-DR+) with a higher prognostic power than individual

features (AUC = 0.825). Using this model, patients in the training cohort were

divided into high- and low-risk groups with significant differences in mean
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progression-free survival (3.6 vs. 12.3 months), including disease control rate

(41.2% vs. 91.7%), and objective response rate (17.6% vs. 41.6%). Integrating

four-immune cell-subset based classifiers and three clinicopathologic risk

factors can help to predict which patients might benefit from anti-PD-1

antibody inhibitors and remind potential non-responders to pursue effective

treatment options in a timely way.

Conclusions: The prognostic immune risk score including the innate immune

and adaptive immune cell populations could provide an accurate prediction

efficacy in malignant melanoma patients with ICI therapy.
KEYWORDS

melanoma, PD-1, immune checkpoint blockade inhibitor therapy, innate immune,
adaptive immune
Introduction

Malignant melanoma is one of the most aggressive diseases

with a dismal prognosis. Data show that the incidence of

malignant melanoma in China had a 110% rise compared with

that in 1990 (1). Despite being at the forefront of personalized

medicine, advanced/metastatic melanoma has very poor survival

rates with traditional chemotherapy or cytokine therapy. In the

past 10 years, with the continued exploration of targeted drugs

and immunotherapy, e.g., BRAF inhibitors, MEK inhibitors, anti-

CTLA-4, or anti-PD-1 antibodies, randomized studies showed

that anti-PD-1 mAb treatment has shown improvement in the

overall survival of metastatic melanoma patients by approximately

fourfold, compared with dacarbazine treatment (2).

Although immunotherapies such as PD-1/PD-L1 could

sometimes mediate complete, long-lasting responses, there are

still a large number of patients who cannot achieve the expected

therapeutic effect due to the low response rate (3). LDH status,

tumor burden, mutation status, stage, and extent of primary disease

were confirmed to be the most important prognostic indicators of

malignant melanoma (4, 5). These clinicopathologic risk factors

cannot differentiate patients who benefit from anti-PD-1 antibody

therapy—so it appears that validated biomarkers as the new

prognostic and predictive factors for the current staging system

are necessary. Several potential predictors of anti-PD-1 antibody

response with favorable outcomes were investigated, such as

CTLA4 promoter hypomethylation, PD-L1 expression, mismatch

repair deficiency, tumor mutation burden, tumor-infiltrating

immune cell features, and circulating immune cells (6–9). Yet,

their role in predicting treatment outcomes with anti PD-1 antibody

is controversial and still requires validation.

Compared with detecting biomarkers from tumor tissue,

peripheral blood offers better accessibility. Several studies
02
analyzed the clinical relevance and prognostic value of

circulating lymphocyte subsets in malignant tumors (9–12),

whereas some only indicated the importance of immune cells

and did not specify precise subsets. Compared with a single

biomarker, integrating multiple biomarkers into a single model

would better shape immune phenotypes. Although multicolor

flow cytometry, coupled with high-dimensional analysis, offers

an opportunity to study circulating immune cell subsets in detail

(13), the analysis was not without challenges. When the number

of covariates is close to or greater than the number of

observations, the Cox proportional hazard regression analysis,

the most popular approach to model covariate information for

survival times, is no longer suitable (14). Moreover, 66 variables

and 49 specimens were recruited in this study, so conventional

bivariate analysis would dilute its statistical power to detect

differences. We developed the Least Absolute Shrinkage and

Selection Operator (LASSO) method to eliminate this issue (15,

16). The LASSO Cox regression model combined with a four-

immune cell-subset-based classifier could predict progression-

free survival and enable patients with stage III/IV malignant

melanoma to benefit from the anti-PD-1 antibody.
Patients and methods

Patients

This study follows a single-center retrospective cohort

design at Sun Yat-sen University Cancer Center (SYSUCC).

We addressed these issues by analyzing two retrospective

cohorts (training and validation cohorts) of patients with stage

IIIc/d or IV melanoma (AJCC 8th) with an indication toward

anti-PD-1 treatment fromMay 2020 to March 2021. All patients
frontiersin.org
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had pathologic confirmation of melanoma diagnosis by an

experienced pathologist and agreed that their data were to be

used for research; it was conducted in accordance with the

principles of the Helsinki Declaration. The Ethics Committee

of SYSUCC reviewed and approved the study (Reference No.

SZR2019-097). All participants obtained informed consent, but

we excluded patients receiving only one course of anti-PD-1

treatment or not having a complete workup after treatment. All

patients had an Eastern Cooperative Oncology Group (ECOG)

score of 0 or 1.
Flow cytometry detection for immune
cell subsets

In the training set, we adopted the DURAClone IM immune

function reagent (Beckman Headquarters, Brea, CA, USA) that

included 50 antibodies distributed in six tubes to identify

immune cell subsets with flow cytometry (Table S1).

Peripheral blood of melanoma patients was collected with

heparin sodium as an anticoagulant before and after receiving

the anti-PD-1 inhibitor. Fluorochrome-conjugated anti-human

monoclonal antibodies were DURAClone dry reagents, obtained

from Beckman Coulter (Marseille, France), except anti-CD127,

the liquid reagent. Six panel matrices were defined for 8- to 10-

fluorochrome channels. Cell staining was performed within 4 h

after blood collection, whereas 100 ml of anticoagulated

peripheral blood was stained with surface antibodies for

15 min at room temperature in the dark prior to lysis with

OptiLyse C No-Wash Lysing Solution (Beckman Coulter). Lysed

cells were washed twice with PBS prior to acquisition. For the

detection of B-cell subsets, 100 ml of anticoagulated peripheral

blood was washed twice with PBS before staining with B-cell

markers for 15 min at room temperature in the dark with

OptiLyse C No-Wash Lysing Solution (Beckman Coulter) and

washed once with PBS prior to acquisition. All samples were

measured with 10-color, three-laser Navios flow cytometers, as

data files were analyzed with Kaluza software v. 1.2 (Beckman

Coulter). A total of 66 circulating immune cell subsets were

detected in this study, and detailed names of each cell population

are shown in Table S2.

In the validation set, peripheral blood mononuclear cells

(PBMCs) of melanoma were isolated by density gradient

centrifugation, frozen in cryovials at a density of 5–10 × 106

cells in 1 ml of freezing medium [(10% dimethyl sulfoxide

(DMSO; Sigma-Aldrich, Burlington, MA, USA), 90% fetal

bovine serum (FBS; Gibco/Fisher Scientific, Waltham, MA,

USA)], and stored in liquid nitrogen. The staining protocol

was used for the training set. Antibodies were anti-CD3-APC

(clone SK7, BDIS, San Jose, CA, USA), anti-CD28-PE (clone

CD28.2, BD Pharmingen, San Diego, CA, USA), anti-CD8-FITC

(clone B9.11, Beckman), anti-TCRab-FITC (clone WT31,

BDIS), anti-TCRgd-PE (clone 11F2, BDIS), anti-HLA-DR-
Frontiers in Immunology 03
APC-Cy7 (clone L243, BDIS), anti-CD1c-PerCP-Cy5.5 (clone

L161, BioLegend, San Diego, CA, USA), anti-CD11c-PE (clone

3.9, BioLegend), anti-CD123-PE-Cy7 (clone), and lineage

cocktail reagents of anti-CD3-APC (clone SK7, BDIS), anti-

CD19-APC (clone SJ25C1, BDIS), anti-CD20-APC (clone L27,

BDIS), anti-CD14-APC (clone M5E2, BioLegend), and anti-

CD56-APC (clone NCAM16.2, BDIS).
Endpoint

We defined progression-free survival (PFS) as the time from

the first anti-PD-1 treatment to confirmed tumor progression.

Disease progression was assessed per RECIST 1.1. Imaging was

performed before and after three treatment cycles or as

deemed necessary.
Statistics

The LASSO Cox regression model was adopted to achieve

shrinkage and variable selection simultaneously (17). Ten-time

cross validations were used to determine optimal values of l. We

calculated the risk score for each patient based on immune cell

subsets, selected from LASSO Cox regression models, where risk

score=coefficient X1*absolute count X1+coefficient X2*absolute

count X2+…+coefficient Xn*absolute count Xn. For survival

analyses, we used Kaplan–Meier to analyze the correlation

between variables and progress-free survival and the log-rank

test to compare survival curves. We investigated the prognostic

accuracy of each feature and immune cell subset-based classifiers

by using time-dependent receiver operating characteristic

(ROC) analysis. The Cox regression model clarified the

multivariable survival analysis. All statistical tests were done

with R software (Core Team v. 4.0.5., Vienna, Austria), with

statistical significance set at 0.05. Based on the Cox proportional

hazard regression model, a prognostic nomogram was also

performed to visualize the link between individual predictors

and survival rates with the “rms” package. The C-index and

calibration curves were used to evaluated the performance of the

prognostic nomogram.
Gene signature score validation

A single-cell RNA sequencing dataset (GSE120575) (18) was

downloaded from the Gene Expression Omnibus (GEO) database

(https://www.ncbi.nlm.nih.gov/geo/). The marker genes of the

CD8+ T-cell, abT-cell, gdT-cell, and DC clusters were identified

by using “FindAllmarkers” functions (Table S4). The genes with

adjusted P values <0.05 and logFC >1 were considered as

significant and used for further analysis. The GSE120575 dataset

contained 16,291 immune cells from 48 tumor samples of
frontiersin.org

https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.3389/fimmu.2022.1012673
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chi et al. 10.3389/fimmu.2022.1012673
melanoma patients treated with checkpoint inhibitors.

Downstream analyses including principal component analysis

(PCA) and t-distributed stochastic neighbor embedding

(UMAP) analysis were performed using the Seurat R package

(19–22). The association between flow cytometry population

ratios and feature gene signatures was utilized to validate the

feature gene signatures under the presumption that the flow

cytometry population ratios accurately reflect the genuine

feature abundance in the patient sample. Four-immune cell-

subset gene signature scores among cell clusters were calculated

using the IOBR R package (23).
Frontiers in Immunology 04
Result

Anti-PD-1 inhibitor outcome

Detailed clinicopathologic patient characteristics in the training

(n = 29) and validation (n = 20) cohorts are shown in Table 1. The

study population consisted of 32 women (65.3%, 32/49) and 17men

(34.7%, 17/49), median age 56 years (interquartile range, IQR 42–

63). Most patients had the Eastern Cooperative Oncology Group

(ECOG) score of 0 (65.3%) and a normal lactate dehydrogenase

value (85.7%). In the total cohort, themost common primary tumor
TABLE 1 Baseline characteristics of the training set and validation set.

Characteristic Training set Validation set

Age, median (IQR)‡ 50 (39, 60) 59 (51,66)

Gender, n (%)

Male 7 (24.1%) 10 (50.0%)

Female 22 (75.9%) 10 (50.0%)

ECOG, n (%)

0 19 (65.5%) 13 (65.0%)

1 10 (34.5%) 7 (35.0%)

LDH, n (%)

>ULN* 5 (17.2%) 2 (10.0%)

≤ULN 24 (82.8%) 18 (90.0%)

Histology, n (%)

Acral 10 (34.5%) 12 (60.0%)

CSD§ 15 (51.7%) 3 (15.0%)

Other 4 (13.8%) 5 (25.0%)

Stage, n (%)

III 6 (20.7%) 4 (20.0%)

IV 23 (79.3%) 16 (80.0%)

BRAF V600E/K mutation status, n (%)

Wild-type 14 (48.3%) 18 (90.0%)

Mutant 14 (48.3%) 2 (10.0%)

Unknown 1 (3.4%)

NRAS mutation status, n (%)

Wild-type 22 (75.9%) 17 (85.0%)

Mutant 2 (6.9%) 3 (15.0%)

Unknown 5 (17.2%)

Regimen, n (%)

PD-1 antibodies combined with chemotherapy 12 (41.4%) 9 (45.0%)

PD-1 antibodies combined with targeted therapy 12 (41.4) 7 (35.0%)

Other 5 (17.2%) 4 (20.0%)

Line of therapy, n (%)

1L 21 (72.4%) 17 (85.0%)

≥2L 8 (27.6%) 3 (15.0%)

Immune risk score, n†† (%)

High risk 15 (51.7%) 9 (45.0%)

Low risk 14 (48.3%) 11 (55.0%)
‡IQR, interquartile range. §CSD, chronic sun damage. *ULN, upper limit of normal.
††Immune risk score refers to the four-immune cell-subset-based classifier, including three subpopulations of T cells (CD8+CD28+, CD3+TCRab+HLA-DR+, CD3+TCRgd+HLA-DR+) and
CD1c+ dendritic cells.
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type was acral melanoma (44.9%, 22/49) followed by chronic sun

damage (CSD, 36.7%, 18/49) and various other types (18.4%, 4/49),

including one uveal melanoma, five mucosal melanomas, one

anorectal melanoma, and two of unknown primary origins with

metastasis. Ten patients (20.4%, 10/49) had unresectable stage III

melanoma, and 39 (79.6%, 39/49) had stage IV. Sixteen patients

(32.7%, 16/49) harbored a mutation in the BRAF V600E/K gene,

and in five patients (10.2%, 5/49) it was found in the NRAS gene.

Of 49 patients, six accepted anti-PD-1 antibody alone as first-

line therapy, 40 (81.6%) received a combination of anti-PD-1

antibody treatment and chemotherapy or BRAF/BRAF-MEK

inhibitor treatment, and three patients received a combination of

anti-PD-1 antibody with anti-angiogenic agents. At the data cutoff,

with a median follow-up of 12.5 months (range 2–17 months),

patients received a median of 12 treatment cycles of anti-PD-1

antibody (range 3–23 cycles), for an objective response rate (ORR)

of 26.4% (13/49). The median PFS for the entire cohort was 6.5

months (95% CI 4.9–8.1 months). One patient (2%) achieved a

complete response. Among 49 patients, one patient (2%) achieved a
Frontiers in Immunology 05
complete response, 12 patients (24.4%) achieved a partial response,

and 29 (59.1%) were stable, resulting in a disease control rate (DCR)

of 85.8%. Thirty-one (63.2%) of 49 patients were in disease

progression during the follow-up period.
Construction of a prognostic model
index (PI, risk score) based on immune
cell subsets

We detected 66 immune cell subsets in circulating blood

specimens for 29 patients with malignant melanoma in the

training set prior to therapy. We used a LASSO Cox

regression model to build a prognostic classifier. We chose l
via minimal criteria and values l = 0.22 and log l = -1.51. We

picked four different subgroups from the 66 immune cell subsets:

CD1c+ dendritic cells (DC) and three subsets of T cells

(CD8+CD28+, CD3+TCRab+HLA-DR+, CD3+TCRgd+HLA-

DR+) (Figure 1). As per LASSO Cox regression, we used the
A

B

FIGURE 1

(A) LASSO coefficient profiles of the 66 lymphocyte subsets. (B) Ten-time cross-validation for tuning parameter selection in the LASSO model.
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coxph (proportional hazards model) of the “survival” package to

calculate a coefficient for every immune cell subset (24).

We developed a formula for the risk score for each

patient’s disease progression, with four-immune cell-subset

absolute counts. Risk score = - (1.798*absolute count

of CD8+CD28+ T cel ls) - (4 .06*absolute count of

CD3+TCRab+HLA-DR+ T cells) - (26.46*absolute count

of CD3+TCRgd+HLA-DR+ T cells) - (169*absolute count of

CD1c+ dendritic cells).
Frontiers in Immunology 06
We used the median risk score as a cutoff to divide 29

patients into high-risk and low-risk groups. We used a risk plot

to display the distribution of risk score, PFS, and disease status of

all 29 patients (Figure 2A). It showed that with increased risk

score, patients have worse PFS. We assessed prognostic accuracy

of the four-immune cell-subset-based classifiers with a time-

dependent ROC analysis at varying times (Figure 3A). The

Kaplan–Meier plot represented patients in the high-risk group

as having significantly shorter progression-free survival times
A

B

FIGURE 2

Clinical characteristics of malignant melanoma patients (in order from top to bottom): the risk score distribution in high- and low-risk groups;
the progression-free survival status distribution increasing the risk score; the heatmap of the absolute counts of four-immune cell-subset
profiles, representing the median value expressed by markers normalized to the range of 0 to 1. (A) Training cohort. (B) Validation cohort.
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than those in the low-risk group (P < 0.0001, Figure 3A). The

mean progression-free survival of the high-risk group was 3.6

months (95% CI, 2.6–4.6 months) less than 12.3 months (95%

CI, 9.9–14.7 months) of the low-risk group: they had better DCR

(92.9% vs. 33.3%) and ORR (35.7% vs. 20.0%).

We did the same analyses with blood samples from the validation

cohort (20 patients from the same center, Figure 2B). The four-

immune cell-subset-based classifiers had excellent prognostic

accuracy. The mean progression-free survival was 6.6 months (95%

CI, 4.5–8.9 months) for high-risk groups and 13.2 months (95% CI,

10.5–15.9 months) for low-risk groups (P < 0.0001, Figure 3B).
Independent prognostic factor
evaluation and correlation with
clinical characteristics

We used the median as a cutoff score of four subsets of

immune cells in the LASSO Cox regression model. The appendix

shows univariate analysis for disease-free survival of immune

cell subsets for training and validation sets (Table S3).

To evaluate whether the immune risk score could be used as

an independent prognostic factor, we assessed accuracy of the
Frontiers in Immunology 07
four-immune cell-subset-based classifiers with time-dependent

ROC analyses. As indicated in Figure S1, the AUC of the

immune risk score was largest (0.752) compared with the

individual cell population. After multivariable adjustment by

clinicopathologic variables, we used univariate and multivariate

Cox regression to confirm that the four-immune cell-subset

classifiers were powerful independent factors in the entire

cohort of 49 cases (HR 5.897, 95% CI 2.489–13.971, P = 0.001,

Table 2). We noted similar results in the validation set (HR 3.97,

1.124–13.586; P = 0.032; Table S3), as we created a prognostic

nomogram to quantify the relationship between the immune risk

score and the PFS. From this nomogram, we obtained total points

and estimated the 6-month and 1-year survival rates of each

patient (Figure 4A). The C-index was 0.796, whereas calibration

curves (Figure 4B) clarified the accuracy of this nomogram.
Extended analysis of four immune cell-
subset gene signatures

We used the single-cell RNA sequencing dataset

(GSE120575) to identify marker genes of CD8+ T cell, abT
cell, gdT cell, and DC clusters. The feature gene signature for the
A

B

FIGURE 3

Time-dependent ROC curves, Kaplan–Meier survival curves in the training set and validation set. ROC, receiver operator characteristic; AUC,
area under the curve. (A) Training cohort. (B) Validation cohort. We used AUCs at 0.5 and 1 years to assess prognostic accuracy and calculated
P values using the log-rank test.
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four features were clustered as described above. The final

clustering was visualized as a UMAP (Figure 5A). To confirm

the value of these four subsets of immune cells in the prognosis

of malignant melanoma treated with PD-1 blockade, we applied

it to the independent validation set of 73 advanced melanoma

patients treated with anti-PD-1 monotherapy (n = 41) or

combined anti-PD-1 and anti-CTLA-4 (n = 32) (25). We

created distinct gene signatures for the CD8+ T cell, abT cell,

gdT cell, and DC clusters, each made up of 13, 24, 7, and 203

genes, respectively (Table S4), and we utilized them to create a

composite score, where a high value indicated that the tumor

specimen under analysis had a high cell abundance. We used the

median composite score as a cutoff to divide 73 patients into

high-risk and low-risk groups. Notably, patients in the high-risk

group had significantly shorter progression-free survival than

patients in the low-risk group (P = 0.0027, Figure 5B). The high-

risk group’s mean progression-free survival was 14.5 months

(95% CI, 8.6–20.4 months), shorter than the low-risk group’s,

which had higher DCR (81.1% vs. 58.3%) and ORR (75.7% vs.

33.3%). Additionally, the overall survival of patients in the low-
Frontiers in Immunology 08
risk group was longer than that in the high-risk group, 40.6

months (95% CI, 33.8–47.3 months) vs. 22.9 months (95% CI,

17.4–28.5 months), P = 0.0077 (Figure 5C). We assessed the

four-immune cell-subset gene signature-based classifier’s

prognosis accuracy using time-dependent ROC analysis at

various follow-up times (Figures 5B, C).
Discussion

Immunotherapy enhances a patient’s immune system to fight

disease and, as such, has revolutionized cancer treatment. Among

the many immunotherapeutic strategies, immune checkpoint

blockades show remarkable benefits for treatment of various

cancer types, such as PD-1/PD-L1, which is widely used in the

treatment of melanoma patients. However, the subsequent

immune-related adverse events (irAE) or low response to

immune checkpoint blockades precludes a large proportion of

melanoma patients in benefiting from this therapy (26). It is

urgent to find accurate and accessible biomarkers in a scoring
TABLE 2 Univariate and multivariate cox hazards analysis for progress-free survival in 49 patients with melanoma.

Characteristics Univariate analysis Multivariate analysis

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

Gender
Male vs. female

0.618 (0.284-1.345) 0.225

Age
≤60 vs. >60

0.650 (0.317-1.334) 0.240 1.408 (0.664-2.986) 0.373

ECOG
0 vs. 1

1.034 (0.491-2.174) 0.931

LDH
>ULN* vs. ≤ULN*

2.039 (0.703-5.915) 0.190 1.376 (0.453-4.181) 0.573

Histology

Acral ref 0.664

CSD** 1.434 (0.651-3.158) 0.371

Other 1.109 (0.418-2.940) 0.836

TNM stage
III vs. IV

13.755 (1.867-101.322) 0.01 11.181 (1.467-85.259) 0.02

Line of therapy
≥2 line vs. 1 line

1.966 (0.870-4.443) 0.104 1.214 (0.517-2.854) 0.656

Ulcer
Ulceration vs. non-ulceration

0.836 (0.412-1.698) 0.621

CD8+CD28+ T cell
High vs. low

0.658 (0.292-1.481) 0.312

CD3+TCRab+HLA-DR+ T cell
High vs. low

0.793 (0.365-1.496) 0.4

CD3+TCRrd+HLA-DR+ T cell
High vs. low

0.553 (0.272-1.124) 0.101

CD1c+ dendritic cell
High vs. low

0.734 (0.362-1.490) 0.392

Immune risk score††
High vs. low

7.036 (3.052-16.217) 0.001 5.897 (2.489-13.971) 0.001
front
*ULN, upper limit of normal. **CSD, chronic sun damage. ††Immune risk score refers to the four-immune cell-subset based classifier, including three subpopulations of T cells
(CD8+CD28+, CD3+TCRab+HLA-DR+, CD3+TCRgd+HLA-DR+) and CD1c+ dendritic cells.
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system that can predict efficacy and prognosis of the clinical

application of ICIs. Performing the biopsy of pathological tissue

before and during therapy is the most direct means of immune

monitoring, whereas it is a rather impractical approach for most

patients and clinical settings. Cancer is a systemic disease that

induces functional and compositional changes in the immune

system. Systemic immunity is required for effective cancer

immunotherapy (27, 28). Immunity is regulated by interactions

of diverse cell lineages across tissues, from the tumor

microenvironment (TME) to the peripheral blood. Therefore,

the analysis of blood samples beyond the biopsy seems more

feasible and may even reflect the immunological environment in

the tumor.
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A series of recent studies identified multiple immune cell

subsets captured in peripheral blood instead of the TME that

supports systemic immune responses in immunotherapy

monitoring for different tumor types. For example, CD8+CD28+

T cells were reported as an independent predictive biomarker for

non-invasive early screening in NSCLC occurrence and progression

(29). When compared with healthy volunteers, a decrease in the

CD3+TCRgd+ lymphocyte subset was observed in multiple

myeloma patients (30). CD3+HLA-DR+-activated T cells could

determine the prognostics of lymphoma patients (31). A recent

study found that peripheral T-cell and classically activated (M1)

macrophage enrichment is associated with long-term clinical

benefits of PD-1 mAb in NSCLC (32). The frequency of CD1c+
A

B

FIGURE 4

(A) Nomograms to predict risk of disease progression with anti-PD-1 inhibitor-based treatment in advanced malignant melanoma patients. (B)
Plots depict the calibration of each model in terms of agreement between predicted and observed 1-year outcomes. Model performance was
shown by the plot, relative to the 45° line, which represents perfect prediction.
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dendritic cells could predict the progression-free survival of renal

cell cancer patients (11). Distinct immune signatures, such as

CD8+PD-1+ T cells, CD8+ effector memory (CD8+CD45RA−

CD45RO+CCR7−) T cells, activated CD4+ T cells (CD4+CD38+

HLA-DR+), and NK cells (CD16+CD56+CD38+HLA-DR+) showed

the treatment response and immune-related adverse events in

melanoma patients in ICI therapy (33). However, the

disadvantage of previous studies is the limited immune cell

subsets or the inappropriate use of statistical methods to analyze

data. In our study, immune cell subsets of peripheral blood were

included for detection, with up to 66 subpopulations, i.e., cells of

innate immunity and adaptive immunity. The LASSO Cox

regression model in this study can integrate multiple immune cell

subsets into one tool, providing significantly greater prognostic

accuracy than a single immune cell subset alone. Our results showed

that four-immune-cell subsets which involved innate immunity

(CD1c+ dendritic cells and CD3+TCRgd+HLA-DR+ T cells) and

adaptive immunity (CD8+CD28+ and CD3+TCRab+HLA-DR+ T

cells) could successfully categorize patients into high- and low-risk

groups with differences in 1 year of progression-free survival. This

immune risk score can predict the progression-free survival of those

in stage III/IV melanoma more than clinicopathologic risk factors

and single immune cell subpopulations. It is a prognostic model

that complements clinicopathologic features.

Immune response is a dynamic process whose nature and

intensity vary over time. It begins with the antigen-independent

responses of innate immunity and becomes more powerful as
Frontiers in Immunology 10
the antigen-specific adaptive immune response matures. The

innate immune response sets the scene for induction of an

adaptive immune response, orchestrated by signals that

emanate from innate sensor cells and are coordinated with

innate effector cells to yield pathogen clearance (34). Akin to

PD-1 immunotherapy, even though this therapy is applied from

T-cell basic science to clinical practice (belonging to the scope of

adaptive immunity), effective immunotherapy cannot be

achieved without the participation of innate immune cells,

such as dendritic cells and NK cells (27, 28). Dendritic cells

and antigen-presenting cells (APC) are the most important

innate immune factors associated with initiating T-cell

responses in cancer, as they interact to orchestrate an overall

immune response. Growing evidence has verified that systemic

dendritic cell dysfunction is a cause of blunted CD8+ T-cell

proliferation and differentiation in cancer, as promoting

dendritic cell activation can rescue CD8+ T-cell activity.

Reduction of dendritic cell apoptosis and repair of dendritic

cell maturation drove superior control of tumor growth (35, 36).

In human peripheral blood, there are two major subsets of DCs,

myeloid DCs (mDCs), and plasmacytoid DCs (pDCs). The

mDCs (lineage-HLA-DR+CD11c+CD123low) play a major role

in antigen capture, presenting T cells. The mDCs are further

subdivided into three subsets, the CD1c+ (BDCA-1+) mDCs, the

CD141+ (BDCA-3+) mDCs, and the CD16+ mDCs (37–39). The

CD1c+ mDCs are primarily involved in the presentation of lipid

and glycolipid antigens to T cells while expressing low levels of
A B

C

FIGURE 5

Extended analysis of the four-immune cell-subset gene signature on an independent dataset. (A) UMAP displays all immune cells collected in
the GEO cohort. (B) Time-dependent ROC curves and Kaplan–Meier survival curves of progression-free survival. (C) Time-dependent ROC
curves and Kaplan–Meier survival curves of overall survival. To assess prognostic accuracy, we used AUCs at 0.5, 1, and 2 years and calculated P
values using the log-rank test. ROC, receiver operator characteristic; AUC, area under the curve.
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PD-L1 antigen (40). Thus, it is reasonable that the CD1c+ mDCs

can predict the effect of PD-1 treatment in our study. Prior

research showed that low levels of dendritic cells at the

beginning of therapy are linked to primary resistance to

checkpoint blockade monotherapy (41). The accurate

quantification of dendritic cells in our investigation could offer

some insight into their interaction with PD-1 immunotherapy.

CD8+CD28+ T cells are another immune cell subset involved in

the prognostic model of our research. CD28 is the co-

stimulatory receptor expressed on the surface of T cells. Early

after activation, generally in the lymphoid tissue, T cells are

activated when their TCRs bind to the cognate antigen presented

by APCs in conjunction with CD28 binding to B7-1/B7-2 (42).

This binding of CD28 to B7-1/B7-2 determines the activation of

T cells. Previous studies revealed that rescuing CD8+ T-cell

cytotoxicity by a PD-1 blockade depended on the expression of

CD28 as PD-1-mediated immunomodulation was lost in the

context of CD28 conditional knockout mice. Moreover,

reinvigorated T cells in patient peripheral blood with lung

cancer following PD-1 blockade were shown to predominantly

express CD28 (43). This demonstrated that the CD28/B7 co-

stimulatory pathway was essential for effective PD-1 therapy. We

found that CD1c+ mDCs, CD8+CD28+ T cells, and PD-1

inhibitors interact with each other to achieve optimal

therapeutic effect.

The risk score of our research includes two subsets of

activated T lymphocytes, CD3+TCRab+HLA-DR+ T cells and

CD3+TCRgd+HLA-DR+ T cells. Expression of HLA-DR in T

cells indicates late activation (44, 45) but was found to be linked

to certain clinical morphologic features. The expressions of

CD4+HLA-DR+ markers were higher for pT3 and pT4 tumors,

compared with pT2 laryngeal carcinomas. In addition, more

aggressive and deeply infiltrating laryngeal carcinomas were

characterized by significantly higher values of the average

expression of the HLA-DR marker on CD4+ T cells (46). Also,

abT and gdTCR cells can be distinguished by the expression of

either abTCR or gdTCR, respectively. Despite some similarities

in the structure of TCRab and TCRgd and the shared subunits of
the CD3 complex, the two receptors differ in important aspects,

such as the glycosylation pattern, the assembly geometry of the

complex, the plasma membrane organization, and accessibility

of signaling motifs in the CD3 intracellular tails (47). These

differences could impact the activation mechanism of the two

TCRs. While the architecture of abTCRs is specialized in the

recognition of MHC, gdTCRs bind to many different ligands.

There are two populations of abT cells, CD4+ T cells and CD8+

T cells; the former recognizes peptides presented in MHC class

II, whereas the latter recognizes peptides in MHC class I. In

contrast, the majority of gdTCRs lacking CD4 and CD8

express ion do not recognize MHC molecules but

corresponding ligands with their own expressed receptors. In

addition, gdT cells might enable a strong proliferative response
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to TCR stimulation in the absence of CD28 co-stimulation,

which might be linked to contributing functions to initiate an

immune response (48). Moreover, abT cells are involved in

adaptive immune responses, whereas gdT cells are non-

conventional lymphocytes, with several properties of innate

immune cells while serving as the bridge to connect the innate

and adaptive immune systems (49). In human peripheral blood,

abT cells typically represent more than 90% of all T

lymphocytes, whereas gdT cells only represent 1%–10%.

However, gdT cells are widely localized in non-lymphoid

tissues and constitute immune cells on epithelial surfaces,

where they participate in the maintenance of epithelial barriers

(50). Although the theoretical basis of PD-1 therapy is derived

from the activation mechanism of abT cells, PD-1 inhibitors

also affect gdT cells. Myeloid cells induced gdT cell exhaustion

through PD-L1 expression, and the PD-1/PD-L1 axis

downregulated IFN-g production and antibody-dependent

cellular cytotoxicity (ADCC) of gdT cells (51–53).

PD-1/PD-L1 blockade therapy is the bench-to-bedside

approach connecting basic science with clinical practice. Our

results show that the risk scores of innate immune and adaptive

cell populations predict the prognosis of melanoma patients

treated with anti-PD-1. It shows that although anti-PD-1

therapy is based on activation mechanisms of T cells in

adaptive immunity to achieve a therapeutic effect, innate

immune cells are also necessary.

In this study, we developed a novel prognostic tool based on

four immune cell subsets existing in peripheral blood to improve

the prediction of disease progression of stage III/IV melanoma

patients in South China treated with anti-PD-1 antibody. As far

as we know, our study is the first based on absolute counts of

immune cells to construct a multi-immune cell subset

prognostic model index to predict the progression-free survival

of advanced malignant melanoma patients treated with anti-PD-

1 inhibitors. Collectively, our results identify patients who are

more likely to respond to PD-1 antibodies and remind potential

non-responders to pursue effective treatment options in a timely

way. The majority of patients in this study were from South

China, most of whom were of acral or mucosal type after failure

of first-line treatment. More than half of these patients received

PD-1 inhibitors combined with chemotherapy, which is the off-

label regimen. Therefore, the application of this immune risk

score in Caucasian populations predominantly with a cutaneous

type needs to be further verified. Furthermore, there are no

sufficient public data to validate the four-immune cell-subset-

based classifiers, rendering it vulnerable to biases inherent in this

study design. We used public databases of single-cell

transcriptome data of human melanoma samples to construct

a composite score based on the four immune-cell subsets.

Notably, it had shown good performance in predicting PFS.

This result supports the value of the four immune cell subsets in

identifying potential non-responders of anti-PD-1 antibody
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1012673
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chi et al. 10.3389/fimmu.2022.1012673
timely. However, its interpretive power for models constructed

based on flow cytometry is limited as they are different omics

data. Additional prospective research in multicenter clinical

trials must confirm our findings.
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of Sun Yat-sen University

Cancer Center. The patients/participants provided their

written informed consent to participate in this study.
Author contributions

YD and DL did the study design and concepts. JL, XW, QD,

and LC did the data acquisition. PC and HJ did the data

processing and wrote the draft of the paper. XZ, PC, YD, and

HJ checked and revised the first draft of the paper. HJ did the

statistical analysis and manuscript editing. All authors contributed

to the article and approved the submitted manuscript.
Frontiers in Immunology 12
Funding

This work was supported by the Guangdong Basic and

Applied Basic Research Foundation (2019A1515011263).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.1012673/full#supplementary-material
References
1. Wu Y, Wang Y, Wang L, Yin P, Lin Y, Zhou M. Burden of melanoma in
China, 1990-2017: Findings from the 2017 global burden of disease study. Int J
Cancer (2020) 147(3):692–701. doi: 10.1002/ijc.32764

2. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob J-J, Rutkowski P, Lao CD, et al.
Five-year survival with combined nivolumab and ipilimumab in advanced
melanoma. New Engl J Med (2019) 381(16):1535–46. doi: 10.1056/
NEJMoa1910836

3. Sun L, Chen L, Li H. Checkpoint-modulating immunotherapies in tumor
treatment: Targets, drugs, and mechanisms. Int Immunopharmacol (2019) 67:160–
75. doi: 10.1016/j.intimp.2018.12.006

4. MacKie RM, Bray C, Vestey J, Doherty V, Evans A, Thomson D, et al.
Melanoma incidence and mortality in Scotland 1979-2003. Br J Cancer (2007) 96
(11):1772–7. doi: 10.1038/sj.bjc.6603801

5. Patrinely JRJr., Baker LX, Davis EJ, Song H, Ye F, Johnson DB. Outcomes
after progression of disease with anti-Pd-1/Pd-L1 therapy for patients with
advanced melanoma. Cancer (2020) 126(15):3448–55. doi: 10.1002/cncr.32984

6. Klumper N, Ralser DJ, Zarbl R, Schlack K, Schrader AJ, Rehlinghaus M, et al.
Ctla4 promoter hypomethylation is a negative prognostic biomarker at initial
diagnosis but predicts response and favorable outcome to anti-Pd-1 based
immunotherapy in clear cell renal cell carcinoma. J Immunother Cancer (2021) 9
(8). doi: 10.1136/jitc-2021-002949

7. Arora S, Velichinskii R, Lesh RW, Ali U, Kubiak M, Bansal P, et al. Existing
and emerging biomarkers for immune checkpoint immunotherapy in solid tumors.
Adv Ther (2019) 36(10):2638–78. doi: 10.1007/s12325-019-01051-z

8. Bence C, Hofman V, Chamorey E, Long-Mira E, Lassalle S, Albertini AF,
et al. Association of combined pd-L1 expression and tumour-infiltrating
lymphocyte features with survival and treatment outcomes in patients with
metastatic melanoma. J Eur Acad Dermatol Venereol (2020) 34(5):984–94.
doi: 10.1111/jdv.16016

9. Correll A, Tuettenberg A, Becker C, Jonuleit H. Increased regulatory T-cell
frequencies in patients with advanced melanoma correlate with a generally impaired
T-cell responsiveness and are restored after dendritic cell-based vaccination. Exp
Dermatol (2010) 19(8):e213–21. doi: 10.1111/j.1600-0625.2009.01055.x

10. Zonghong S, Meifeng T, Huaquan W, Limin X, Jun W, Rong F, et al.
Circulating myeloid dendritic cells are increased in individuals with severe aplastic
anemia. Int J Hematol (2011) 93(2):156–62. doi: 10.1007/s12185-010-0761-z

11. van Cruijsen H, van der Veldt AA, Vroling L, Oosterhoff D, Broxterman HJ,
Scheper RJ, et al. Sunitinib-induced myeloid lineage redistribution in renal cell
cancer patients: Cd1c+ dendritic cell frequency predicts progression-free survival.
Clin Cancer Res (2008) 14(18):5884–92. doi: 10.1158/1078-0432.CCR-08-0656

12. Normolle DP, Donnenberg VS, Donnenberg AD. Statistical classification of
multivariate flow cytometry data analyzed by manual gating: Stem, progenitor, and
epithelial marker expression in nonsmall cell lung cancer and normal lung.
Cytometry A (2013) 83(1):150–60. doi: 10.1002/cyto.a.22240

13. Cole ME, Guo Y, Cheeseman HM, Pollock KM. Multicolor flow cytometry
and high-dimensional data analysis to probe complex questions in vaccinology.
Methods Mol Biol (2022) 2414:433–47. doi: 10.1007/978-1-0716-1900-1_23

14. Simon R, Altman DG. Statistical aspects of prognostic factor studies in
oncology. Br J Cancer (1994) 69(6):979–85. doi: 10.1038/bjc.1994.192

15. Lu W, Zhang HH. Variable selection for proportional odds model. Stat Med
(2007) 26(20):3771–81. doi: 10.1002/sim.2833

16. Benner A, Zucknick M, Hielscher T, Ittrich C, Mansmann U. High-
dimensional cox models: The choice of penalty as part of the model building
process. Biom J (2010) 52(1):50–69. doi: 10.1002/bimj.200900064
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1012673/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1012673/full#supplementary-material
https://doi.org/10.1002/ijc.32764
https://doi.org/10.1056/NEJMoa1910836
https://doi.org/10.1056/NEJMoa1910836
https://doi.org/10.1016/j.intimp.2018.12.006
https://doi.org/10.1038/sj.bjc.6603801
https://doi.org/10.1002/cncr.32984
https://doi.org/10.1136/jitc-2021-002949
https://doi.org/10.1007/s12325-019-01051-z
https://doi.org/10.1111/jdv.16016
https://doi.org/10.1111/j.1600-0625.2009.01055.x
https://doi.org/10.1007/s12185-010-0761-z
https://doi.org/10.1158/1078-0432.CCR-08-0656
https://doi.org/10.1002/cyto.a.22240
https://doi.org/10.1007/978-1-0716-1900-1_23
https://doi.org/10.1038/bjc.1994.192
https://doi.org/10.1002/sim.2833
https://doi.org/10.1002/bimj.200900064
https://doi.org/10.3389/fimmu.2022.1012673
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chi et al. 10.3389/fimmu.2022.1012673
17. Friedman J, Hastie T, Tibshirani R. Regularization paths for generalized
linear models Via coordinate descent. J Stat Softw (2010) 33(1):1–22. doi: 10.18637/
jss.v033.i01

18. Sade-Feldman M, Yizhak K, Bjorgaard SL, Ray JP, de Boer CG, Jenkins RW,
et al. Defining T cell states associated with response to checkpoint immunotherapy
in melanoma. Cell (2018) 175(4):998–1013.e20. doi: 10.1016/j.cell.2018.10.038

19. Hao Y, Hao S, Andersen-Nissen E, Mauck WM3rd, Zheng S, Butler A, et al.
Integrated analysis of multimodal single-cell data. Cell (2021) 184(13):3573–87.e29.
doi: 10.1016/j.cell.2021.04.048

20. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM3rd,
et al. Comprehensive integration of single-cell data. Cell (2019) 177(7):1888–
902.e21. doi: 10.1016/j.cell.2019.05.031

21. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell
transcriptomic data across different conditions, technologies, and species. Nat
Biotechnol (2018) 36(5):411–20. doi: 10.1038/nbt.4096

22. Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial reconstruction of
single-cell gene expression data. Nat Biotechnol (2015) 33(5):495–502.
doi: 10.1038/nbt.3192

23. Zeng D, Ye Z, Shen R, Yu G, Wu J, Xiong Y, et al. Iobr: Multi-omics
immuno-oncology biological research to decode tumor microenvironment and
signatures. Front Immunol (2021) 12:687975. doi: 10.3389/fimmu.2021.687975

24. Therneau T, Therneau T, Grambsch P. Modeling survival data: Extending
the cox model (Statistics for biology and health). (2000). New York: Springer-
Verlag.

25. Gide TN, Quek C, Menzies AM, Tasker AT, Shang P, Holst J, et al. Distinct
immune cell populations define response to anti-Pd-1 monotherapy and anti-Pd-1/
Anti-Ctla-4 combined therapy. Cancer Cell (2019) 35(2):238–55.e6. doi: 10.1016/
j.ccell.2019.01.003

26. Postow MA, Sidlow R, Hellmann MD. Immune-related adverse events
associated with immune checkpoint blockade. New Engl J Med (2018) 378
(2):158–68. doi: 10.1056/NEJMra1703481

27. Hiam-Galvez KJ, Allen BM, Spitzer MH. Systemic immunity in cancer. Nat
Rev Cancer (2021) 21(6):345–59. doi: 10.1038/s41568-021-00347-z

28. Spitzer MH, Carmi Y, Reticker-Flynn NE, Kwek SS, Madhireddy D, Martins
MM, et al. Systemic immunity is required for effective cancer immunotherapy. Cell
(2017) 168(3):487–502.e15. doi: 10.1016/j.cell.2016.12.022

29. Wang Y, Zhou N, Zhu R, Li X, Sun Z, Gao Y, et al. Circulating activated
immune cells as a potential blood biomarkers of non-small cell lung cancer
occurrence and progression. BMC Pulm Med (2021) 21(1):282. doi: 10.1186/
s12890-021-01636-x

30. Giannopoulos K, Kaminska W, Hus I, Dmoszynska A. The frequency of T
regulatory cells modulates the survival of multiple myeloma patients: Detailed
characterisation of immune status in multiple myeloma. Br J Cancer (2012) 106
(3):546–52. doi: 10.1038/bjc.2011.575
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