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Abstract

Introduction. Immune checkpoint inhibitors (ICIs) became the standard-of-care for several solid tumors. A limited
fraction of patients (pts) achieves a long-term benefit. Plasmatic and intracellular cholesterol levels have emerged as
promising biomarkers. The aim of the present study was to determine whether cholesterol efflux capacity (CEC), mediated
by serum transporters (ABCA1 and ABCG1) and passive diffusion (PD), impacts on clinical outcome of advanced non-
small cell lung cancer (NSCLC) and metastatic renal cell carcinoma (mRCC) pts treated with ICIs.

Material and methods. We retrospectively enrolled advanced NSCLC and mRCC pts consecutively treated with ICIs
between October 2013 and October 2018. CEC and cholesterol loading capacity (CLC) were assessed by well-established
specific cell models. As primary endpoint, CEC, PD and CLC were correlated with overall survival (OS) while the effects
of these parameters on progression-free-survival (PFS) and clinical benefit (CB), defined as complete/partial response or
stable disease, represented secondary endpoints.

Results. NSCLC accounted for 94.2% of 70 enrolled cases, and serum sample suitable for CEC and PD determination
was available in 68. Blood cholesterol and serum ABCA1, ABCG1, PD and CLC were associated with outcomes (OS,
PFS, CB) at univariate analysis. At the multivariate analysis, only PD confirmed its positive prognostic value in terms of
OS, PFS and CB.

Conclusion. The favorable impact of cholesterol PD on clinical outcome might reflect its main conformation in mature
HDL particles which potentially shape an inflamed context, ultimately promoting ICI efficacy. Further prospective studies

are needed to support our findings and uncover targetable pathways.

Keywords: cholesterol efflux capacity, ABCA1, ABCGI, passive diffusion, cholesterol loading capacity,

immunotherapy, cancer.



Introduction

Immune checkpoint inhibitors (ICIs) have reshaped the treatment landscape of several solid tumors, including metastatic
renal cell carcinoma (mRCC) and non-small-cell lung cancer (NSCLC), with immunotherapy-driven strategies replacing
the standard targeted- or chemo-based therapies [1,2]. However, only a limited fraction of patients achieve a long-term
benefit from ICls, underlining the need to identify prognostic and predictive biomarkers.

Several tissue and circulating factors, reflecting the immune-inflammatory, metabolic and genetic status of mRCC and
NSCLC patients, have been proposed as potential determinants of ICI response [3].

In particular, cholesterol metabolism emerged as promising and attractive biomarker. This view is supported by various
studies documenting the prognostic impact of cholesterol blood levels on the outcome of ICI-treated patients [4,5].
Moreover, at intracellular level, cholesterol is able to affect the activity of tumor infiltrating lymphocytes (TILs), and the
spatial organization in lipid rafts confers to cholesterol the ability to segregate bioactive molecules and adaptor proteins,
ultimately fine tuning in a dynamic fashion multiple signaling involved in oncogenic and immune pathways [4,6].
Connecting essential mediators of cholesterol efflux to mRCC and NSCLC biology and therapeutics is an area of intense
research, although still largely uncovered [7]. There are four ways by which cholesterol could be effluxed from the cell:
(i) passive diffusion (PD), (ii) Scavenger Receptor Class B Type I (SR-BI) SR-Bl-facilitated diffusion, (iii) active efflux
by ATP-binding cassette transporter Al (ABCA1)-, and (iv) ABCGl-mediated efflux to apoA-1 and high-density
lipoprotein (HDL). While evidence on SR-BI involvement in biomolecular cancer processes are scarce, recent findings
demonstrated that ABCA1/G1-dependent cholesterol efflux is critically implicated in modulating immune function
through T cells activation [8]. Specifically, the regulatory properties of HDL are independent of their plasma
concentration and may be assessed for each individual as cholesterol efflux capacity (CEC) [9]. The interaction of HDL
with different membrane transporters (ABCA1/ABCG1), functional to remove cholesterol from cells (CEC), not only
limits foam cell formation, but also patrols key intracellular inflammatory pathways [ 10,11]. The link between cholesterol
metabolism and cancer-immune interplay was recently strengthened by evidence of the impact of HDL-ABCAI
interaction and ABCG1 activity on T cell activation and cancer development, respectively [12,13]. This observation has
prompted new, and partly investigated hypotheses on the relationship between lipid metabolism and immune functions
[14].

Herein, we report the results of a retrospective study investigating the association between ABCA1 and ABCG1-mediated
cholesterol efflux capacity (CEC), passive diffusion (PD) and loading capacity (CLC) with clinical outcome of advanced

cancer patients treated with immunotherapy.

Materials and Methods

Patient eligibility

The present study included advanced cancer patients, consecutively treated from October 2013 to October 2018 with
single anti-PD-1, anti-PD-L1 or anti-CTLA-4 agent or with anti-PD-1 plus anti-CTLA-4 combination, regardless of the
treatment line, at the Medical Oncology Unit of the University-Hospital of Parma (Italy).

Eligible patients must fulfill the following criteria: histologically or cytologically confirmed diagnosis of locally advanced
or metastatic NSCLC or RCC, at least one ICI administration, stored serum sample collected before starting
immunotherapy, plasmatic cholesterol level assessed within one month prior to immunotherapy. All patients provided
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written informed consent to receive treatment with ICI. All the patients who were alive at the time of the data collection
provided an informed consent to be included in the study. The procedures followed were in accordance with the
declaration of Helsinki. The study was approved by the local ethical committee (Comitato Etico Area Vasta Emilia-Nord;

protocol number 37649, approved on September 21, 2021).

Study design

We conducted a retrospective, monocenter study aimed at investigating the prognostic value of active mediated CEC and
cholesterol PD and CLC in advanced cancer patients treated with ICIs. The serum samples were collected prospectively
due to inclusion of these patients also in another observational study active in our center.

The primary objective was to test the correlation of CEC (mediated by ABCA-1 and ABCG-1), cholesterol PD and CLC
with overall survival (OS, primary endpoint). The secondary objectives were the associations of active CEC, cholesterol
PD and CLC with progression-free survival (PFS) and clinical benefit (CB).

OS was defined as the time from immunotherapy initiation until death from any cause. PFS was defined as the time from
immunotherapy initiation to the first documented tumor progression or death, whichever occurred first. Patients without
event occurrence at the data cut-off of 31 December 2021 were considered as censored at the time of the last follow-up.
CB was defined as the proportion of patients experiencing an objective response (either complete or partial response) or
stable disease as best response to immunotherapy according to Response Evaluation Criteria in Solid Tumors version 1.1

(RECIST 1.1) [15].

Cholesterol Efflux Capacity (CEC) determination

HDL-CEC was examined using a standardized isotope technique, through the use of well-established cell models [16,17].
CEC evaluation accounts as a metric of the HDL interaction with ABCA1 and ABCG1 active transporters, counteracting
the unspecific process mediated by PD. For the evaluation of PD cholesterol efflux pathway, J774 murine macrophages
(J774 A.1, from ATCC) were used in basal conditions, while cell incubation in the presence of 0.3mM of a cAMP analog
(cpt-cAMP, Sigma-Aldrich, Milan, Italy) allowed the induction of ABCA1 expression and were used as a study model
for total CEC as previously described [18,19]. The difference between total CEC and PD mediated CEC made possible
to identify the net contribution of cholesterol efflux through ABCA1 [19]. Moreover, to identify ABCG1 mediated
cholesterol efflux, Chinese hamster ovary (CHO) cells were used. CHO cells have been transfected or not with human
ABCGT1 gene. The difference between CEC of transfected and non-transfected cells enabled to evaluate the contribution
of ABCG1 [20,21]. Cells were initially radio-labeled by 24 hours exposure to (1,2-3H)-cholesterol (PerkinElmer, Milan,
Italy) in the presence of an Acyl-coenzyme A: cholesterol acyltransferase (ACAT) inhibitor allowing the maintenance of
cholesterol in an unesterified form. After labelling, cells went through an equilibration time in culture medium with 0.2%
BSA (BSA, Sigma-Aldrich). Finally, to assess ABCA1 and PD mediated-CEC, cells were incubated with 2% (v/v) serum
for 4 hours, while for the evaluation of ABCG1 mediated-CEC cells were incubated for 6 hours with 1% (v/v) serum
[21]. CEC values were expressed as percentage ratio between the radioactivity released in the medium and the total
radioactivity incorporated by the cells. In each experiment a pool of normo-lipidemic human sera was used as the
reference standard. CEC values of these standard sera were used to normalize the different experiments so that inter-assay
variability could be corrected [22]. Another pool of normo-lipidemic human sera were used in each experiment as the
reference standard 2 and its CEC value, following normalization, was considered an index of intra-assay variability. These
analyses were performed at Department of Food and Drug, University of Parma endowed with long term experience on

these laboratory procedures.



Cholesterol Loading Capacity (CLC) determination

To evaluate CLC we employed THP-1 cells, seeded in 24-well plates at a density of 500,000 cells per well. To induce
macrophage differentiation, cells were incubated for 72 hours in RPMI 1640 culture medium supplemented by 10% fetal
bovine serum (FBS) and phorbol 12-myristate 13-acetate (PMA, 100 ng/mL). Cells were then exposed to 5% (v/v)
patients’ serum, who acts as cholesterol donors, for 8 hours. At the end, after washing in PBS, macrophages were lysed
in a solution of 1% cholic acid and DNA-asi (50 U/mL) and left to stir overnight. CLC was evaluated as pg of cholesterol
per mg of protein.

Amplex Red Cholesterol Assay Kit (Molecular Probes, Life Technologies), a fluorimetric assay, was used for the
quantification of cholesterol content in the lysates, while to evaluate the protein content in the lysates we adopted the

bicinconinic acid method.

Statistical analysis

Due to the observational retrospective nature of the study and since the primary and secondary objectives are aimed to
explore the correlations between active CEC pathways, cholesterol PD and CLC with clinical outcomes, the sample size
was not determined by a formal statistical estimation.

Baseline characteristics were summarized by using descriptive statistical metrics as median and interquartile range (IQR),
and absolute and relative frequencies for quantitative and categorical variables, respectively. Boxplot and Kaplan-Meier
curves, were employed to graphically show the distribution of the cholesterol parameters and the 1-year patient survival
outcomes (OS and PFS). A Pearson correlation matrix was developed to simultaneously show the distribution and the
correlation among cholesterol parameters.

Univariable and multivariable semi-parametric Cox regression models were implemented to measure associations
between cholesterol parameters and survival outcome; the logistic regression model was used to assess the association
with the CB outcome. Stepwise backward selection approach was performed to identify the most parsimonious model
through Akaike information criterion (AIC). Furthermore, adjusting hazard ratio estimation for age, sex and ECOG PS
variables were evaluated.

All statistical analysis were be performed by using R Statistical Software v. 4.0.3.

Results

Patients characteristics

Overall, 70 patients were enrolled in the study. Two patients were excluded due to inadequate serum sampling for
biochemical determinations. Therefore, 68 patients were included in the correlation analysis. At the data cut-off of 31
December 2021, 60 patients died and 61 patients experienced disease progression.

Baseline patient characteristics -are summarized in Table 11.-The median age was 72 years with male predominance
(67.1%). Most primary tumors were NSCLC (94.2%). Twenty-seven patients (38.5%) had < 2 metastatic sites while 43
(61.5%) had more than 2 metastatic sites. The majority of patients received immunotherapy as second or more advanced

lines (84.3%), while only eleven (15.7%) received immunotherapy as first-line treatment. No difference was found in

baseline characteristics according to PD cholesterol level (Supplementary Table 1).
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The quantitative distribution of plasmatic cholesterol, serum ABCA1- and ABCG1-mediated CEC, cholesterol PD and
CLC are reported in Supplementary Figure 1.

The distribution and correlations among the variables of interest (level of plasmatic cholesterol, serum ABCA1- and
ABCGI-mediated CEC, cholesterol PD and CLC) are shown in Figure 1. Blood cholesterol levels positively correlated
with cholesterol PD and CLC (p = 0.26 and 0.42, respectively). Conversely, ABCA1- and ABCG1-mediated CEC did
not show any significant association with cholesterolemia.

As expected, a positive interaction was demonstrated between ABCA1 and ABCG1 transporters, while ABCA1/ABCG1-
mediated efflux were inversely correlated with CLC. Finally, a strong positive correlation was found between cholesterol
PD efflux and CLC (p =0.71).

Association between cholesterol parameters and clinical outcomes
The median 2-year follow-up was 5.85 IQR months [2.63-19.81]. The rate of patients alive at 6 and 12 months was 50%
and 36%, respectively (Supplementary Figure 2). As reported in Table 2, all cholesterol parameters were associated

with prolonged OS at the univariable analysis level; nonetheless, in the multivariable model based on Stepwise Backward

selection, only cholesterol PD ¢ was confirmed as protection factors [HR

0.77 (95%CI 0.67-0.89), p < 0.001]. Although not statistically significant (and-HR-0:92-(95€1%0-84-1.061;p = 0.07),

CLC seems to be a potential protection factor (upper 95 CI% was equal to 1.01). Given the absence of a validated cut-off

in literature, the median value of 13% was used to stratify the population according to high (equal or greater than 13%)

and low cholesterol PD. The figure 2, described OS curves by high and low cholesterol PD and a statistically significance

difference was found (p < 0.001). OS rate at 6 and 12 months was 80% and 65.7% in high cholesterol PD group
respectively. Instead, OS rate at 6 and 12 months was 18% and 3% in low cholesterol PD group. stespeetively}-

No remarkable change in HR estimation and their significance were observed by adjusting for age, sex, and ECOG PS
(supplementary table 2data-notshow).

PES rate at 6 and 12 months was 38% and 29%, respectively (Supplementary Figure 3). Univariable and multivariable
PFS analyses mainly paralleled the results observed for OS with the exception of cholesterol PD level, that was confirmed
as the only statistically significant protection factor [HR 0.81 (95%CI 0.74-0.90), p < 0.001] (Table 2). Using the cut-off

to 13%. as above described, the figure 3 shown the PFS curves according to high and low cholesterol PD. PES rate at 6

and 12 months was 63% and 49% in high cholesterol PD group, respectively. Instead, PFS rate at 6 and 12 months was

8% and 4% in low cholesterol

Thirty-two patients displayed CB as best response to the ICI treatment (partial response 21.4%, stable disease 24.3%, no
complete responses). The variables directly associated with CB were: plasmatic cholesterol level, serum cholesterol PD
efflux and CLC, while ABCA1- (borderline significant, p = 0.068) and ABCG1-mediated efflux showed an inverse
correlation with CB. Although in the multivariable model no cholesterol parameters were associated with CB, the
Stepwise Backward selection identified a bivariable model in which the CLC was confirmed as factor positively
associated with CB outcome [HR 1.26 (1.10-1.48) C195%, p < 0.003] (Table 2).

No remarkable changes in HR estimations and their levels of significance were observed by adjusting for age, sex, and

ECOG PS_(supplementary table 2).

Discussion
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In the present study, we sought to investigate the correlation between CEC, cholesterol PD and CLC processes with the
clinical outcome of patients affected by advanced cancer undergoing ICIs. To the best of our knowledge, our report
represents the first in-depth investigation focused on the impact of cholesterol-related parameters on cancer patient
prognosis.

Our previous data demonstrated a positive prognostic role of high blood cholesterol (i.e. > 200 mg/dl) in the same setting
of patients [4]. Thus, to dissect the biological and clinical implications of blood cholesterol in this context, we addressed
our attention to cholesterol efflux modalities from cells (active CEC and cholesterol PD) as indirect measure of quality
of the total plasma cholesterolemia as well as to the type of lipoprotein involved in these processes [17,23].

In our research active efflux processes mediated by ABCA1 and ABCG1 transporters resulted inversely associated with
cholesterol efflux PD and CLC. This evidence reflects the different type of lipoproteins which drive cholesterol efflux
processes. In fact, while ABCA1 and ABCG1- active eftlux is mainly mediated by small and lipid-poor HDL, PD and
CLC are mediated by mature, cholesterol-rich HDL lipoproteins, usually containing apoB [17, 23].

Our results documented a positive correlation between both PFS and OS with cholesterol PD. It is a widely accepted
notion that small and lipid-poor HDL particles are able to interact with ABCA1 and ABCGI transporters leading to
activation of signaling pathway resulting in anti-inflammatory and anti-antioxidant effect [24]. Hence, given the
complementary role of ABCA1-/ABCG1- mediated CEC and cholesterol PD, we can speculate that passive diffusion
might reflect the presence of more mature HDL particles and more inflamed context likely explaining the better response
to immunotherapy. Our observation is in line with the documented ability of HDL to reduce cellular inflammatory
pathways trough the interaction with active membrane transporters ABCA1 and ABCG1 [24,25]. Moreover, it has been
widely reported that HDL interacting with these active transporters are not involved in cholesterol PD efflux [17]. On the
other hand, lipoprotein metabolism is a complex and multifaceted process, and apoB-containing lipoproteins which
mediate CLC are linked to mature and cholesterol-rich HDL able to promote a slow cholesterol PD efflux [23,26]. Our
data suggest a closely relationship between CLC and CB: given the strong association between CLC and cholesterol PD,
this observation is in accordance with the correlation between cholesterol PD and better clinical outcome. Recently,
Goossens P and colleagues demonstrated that suppression of active cholesterol efflux ABCA1- and ABCG1-mediated

pathways reverts the tumor promoting functions of TAMs and reduces tumor progression [27]. In addition, stratifying the

population according to high and low cholesterol PD level, an encouraging difference was found between the two groups

in terms of PFS and OS, underling the potential prognostic role of the cholesterol biomarker efflux in patients treated

with immunotherapy.
Our data support the hypothesis, already tested in autoimmune disease, that the simple evaluation of the serum lipid

profile and in particular total blood cholesterol level, is not sufficient to provide information on the functional
characteristics of circulating lipoproteins [25].

Some limitations of the present study have to be acknowledged, including the retrospective design, the small sample size,
the potential selection bias related to the availability of a stored serum as inclusion criteria and the heterogeneity of our
patient population in terms of primary tumors and immunotherapy line of treatment.

In conclusion, the positive association of cholesterol PD with both PFS and OS might be attributed to more mature HDL
particles shaping a rather inflamed immune context which likely conditions a better response to ICI. Further analyses are
already ongoing, aimed at exploring the interplay between cholesterol quality and the inflammatory cytokine network in

the same patient population.
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TABLE and FIGURE LEGENDS

Table 1. Baseline characteristics

Table 2. Cox regression models results

Figure 1. Correlation matrix about the distributions (on the diagonal line) and correlations (as scatter plots and Pearson’s
correlation values in lower and upper triangle, respectively) among the variables of interest (level of plasmatic cholesterol,
serum ABCA-1 and ABCG-1 mediated CEC, PD and CLC). ABCA-1 = ATP-binding cassette transporter A1; ABCG1
= ATP-binding cassette transporter G1; CEC = cholesterol efflux capacity; CPD = cholesterol passive diffusion; CLC =
Cholesterol Loading Capacity.

Figure 2. Kaplan-Meyer curve for overall survival

Figure 3. Kaplan-Meyer curve for progression-free survival

Supplementary Figure 1. Graphical representation (boxplot) of the values distribution of plasmatic cholesterol, serum
ABCA1- and ABCG1-mediated CEC, cholesterol PD and CLC. ABCA-1 = ATP-binding cassette transporter Al; ABCG1
= ATP-binding cassette transporter G1; CEC = cholesterol efflux capacity; CPD = cholesterol passive diffusion; CLC =
Cholesterol Loading Capacity.

Unit of measurement: cholesterol = mg/dl; ABCA-1, ABCG-1, CEC, CPD and CLC: % value
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