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Introduction: People with HIV (PWH) on effective antiretroviral therapy (ART)
have an increased risk of developing Non-AIDS Defining Cancers (NADCs)
compared to the general population, partly due to chronic inflammation and
immune dysregulation. This study aimed to identify plasma biomarkers
associated with the risk of developing NADCs in a cohort of PWH on ART.
Methods: A case-cohort study was conducted within the Spanish CoRIS cohort,
including 316 PWH on ART (71 cases and 245-individuals subcohort). Plasma
levels of 24 immune regulation and senescence-associated secretory phenotype
(SASP) biomarkers were quantified using Luminex technology. Cox proportional
hazards regression models with Borgan Il weights were used to assess the
association between biomarker levels and the risk of NADC development
(hazard ratios), adjusting for confounders. Effect modification by gender was
also evaluated.

Results: Higher baseline plasma levels of twelve biomarkers were significantly
associated with increased NADC risk. The strongest associations were found for
PD-L2 (aHR=3.33), PAI-1 (aHR=2.27), and MMP-1 (aHR=2.32). However, a
distinct, gender-specific pattern was observed, with significant interactions
found for nine biomarkers. Most interactions indicated a higher NADC risk
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increase in females, with the exception of CD80, TNF-B and IP-10, which
indicated a relatively lower risk in females compared to males.

Discussion: Plasma biomarkers of immune regulation and SASP are associated
with NADC risk in PWH on long-term ART, highlighting the importance of
gender-specific pathways in NADC development among PWH. Understanding
these distinct profiles may guide future strategies for risk stratification, early
detection, and personalized preventive care.

NADCs, PWH, immune activation, senescence, biomarkers, gender differences

1 Introduction

The implementation of combination antiretroviral therapy
(ART) has successfully transformed human immunodeficiency
virus (HIV) infection into a chronic, manageable condition,
leading to a substantial increase in the life expectancy of people
with HIV (PWH) (1). This increased longevity, however, has been
accompanied by a significant epidemiological shift in morbidity and
mortality, moving from AIDS-defining illnesses to a spectrum of
age-related diseases. Among these, non-AIDS-defining cancers
(NADCs) have emerged as a primary cause of death in this
population (2), representing a major clinical challenge in the
current era of HIV care.

The incidence of numerous NADCs is significantly higher in
PWH compared to the general population (3). This persistent and
significant excess risk is not fully explained by the higher prevalence
of traditional cancer risk factors such as smoking, alcohol
consumption, or coinfections with oncogenic viruses like hepatitis
B virus (HBV) and hepatitis C virus (HCV) (4). This disparity
highlights the role of HIV-specific pathogenic mechanisms,
particularly those related to inflammation and immunosenescence,
that directly contribute to the rising incidence of NADCs (5), even
among PWH who have achieved long-term viral suppression with
ART (6). A deeper understanding of these underlying biological
drivers is therefore critical for developing effective strategies for
cancer prevention and control in PWH.

A central hypothesis to explain this heightened NADCs
susceptibility implicates a state of chronic, low-grade
inflammation that persists despite effective virological control (7).
This phenomenon, often referred to as “inflammaging,” is
multifactorial in origin, driven by factors including the
persistence of HIV in latent tissue reservoirs, ongoing microbial
translocation from a compromised gut mucosal barrier, the
proinflammatory effects of co-pathogens, and irreversible damage
to lymphoid tissue architecture (8). This systemic inflammatory
state is biochemically reflected by elevated plasma levels of
numerous inflammatory biomarkers, which have also been linked
to increased all-cause mortality in PWH (9). Concurrently with
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chronic inflammation, PWH exhibit features of immune
dysregulation and premature immunosenescence. A key aspect of
this is T-cell exhaustion, a state of cellular dysfunction characterized
by the sustained upregulation of inhibitory checkpoint receptors on
the surface of T-lymphocytes (10). These include programmed cell
death-1 (PD-1) and its ligands, as well as other co-inhibitory
molecules like T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3) (11), among others. Therefore,
comprehensively profiling plasma biomarkers that reflect these
interconnected processes is essential to delineate better the
pathways leading to NADCs in PWH and to identify robust
signatures that could enhance clinical risk assessment and inform
preventive strategies.

Additionally, a critical and under-investigated dimension of
NADC pathogenesis in PWH is the role of gender-based biological
differences. Women with HIV are known to exhibit higher T-cell
activation and inflammation than men for a given viral load (12), and
these immunological distinctions may create different risk profiles for
chronic diseases (13). Understanding whether gender modifies the
association between these biomarkers and NADC risk is therefore
essential for developing personalized risk stratification strategies.

This study aimed to address these knowledge gaps by
investigating the association between a broad panel of plasma
biomarkers, representing key pathways of inflammation, immune
regulation, and cellular senescence, and the risk of incident NADCs
in a large, well-characterized cohort of PWH on long-term
suppressive ART. A key focus of our study was to test whether
these associations are modified by gender, in order to uncover
distinct, gender-specific pathophysiological pathways that
contribute to cancer risk in PWH.

2 Materials and methods
2.1 Study design and participants

We designed a case—cohort study nested within the CoRIS
Cohort, a prospective, open, multicenter cohort of PWH ART-
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naive at study entry. Data are standardized and structured following
the HIV Cohorts Data Exchange Protocol (HICDEP) (14) and are
subjected to rigorous internal quality control procedures on an
annual basis. Participants are periodically monitored in line with
standard clinical practice (15).

The study population was selected from 19,352 participants
enrolled in CoRIS as of November 30, 2022. The inclusion criteria
were: i) adults (=18 years) on ART, ii) with at least one plasma
sample stored in the HIV biobank 48 weeks after initiating ART
(defined as the baseline sample), iii) having a suppressed HIV viral
load (<50 copies/mL) at the time of the baseline sample. From
participants fulfilling these criteria, cases were defined as those who
developed an incident NADC at least three months after their
baseline date. Individuals with non-melanoma skin cancers,
metastasis or a prior history of the same type of NADC were
excluded. The subcohort comprised a random sample of the entire
source population.

The follow-up period for each individual began three months
after the baseline sample date. The end of follow-up was defined as
the date of the NADC diagnosis, death, last study visit, or
administrative censoring date (November 30, 2022), whichever
was first. After applying all criteria, the final study population
consisted of 316 PWH, comprising 71 incident NADC cases and
a subcohort of 245 individuals.

2.2 Clinical data and samples

Demographic, clinical, and virological data were sourced from
the CoRIS database. This included demographics (age, gender,
region of origin, education), HIV-related variables (transmission
route, previous AIDS diagnosis, nadir and baseline CD4+ T-cell
counts), and relevant comorbidities and lifestyle factors (smoking
status, HCV and HBV coinfection), among others. Plasma samples
were collected and processed at the baseline sample date and stored
at -80 °C at the Spanish HIV BioBank until use.

2.3 Multiplex immunoassays

Plasma levels of 24 immune regulation and senescence-
associated secretory phenotype (SASP) biomarkers were measured
using a Luminex 200TM analyzer (Luminex Corporation, Austin,
TX, United States) according to the manufacturer’s instructions.
The panel included: cluster of differentiation (CD)28, CD36, CD80,
epidermal growth factor (EGF), fibroblast growth factor 2 (FGF-2),
growth differentiation factor 15 (GDF-15), hepatocyte growth
factor (HGF), interleukin 1-alpha (IL-1o), IL-8, interferon
gamma-induced protein 10 (IP-10), lymphocyte-activation gene 3
(LAG-3), monocyte chemoattractant protein 1 (MCP-1), MCP-2,
metalloproteinase 1 (MMP-1), plasminogen activator inhibitor 1
(PAI-1), PD-1, programmed death-ligand 1 (PD-L1), PD-L2,
stromal cell-derived factor 1-alpha (SDF-lat), TIM-3, tumor
necrosis factor beta (TNF-), tumor necrosis factor receptor I
(TNF-RI), TNF-RIL, and vascular endothelial growth factor A
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(VEGF-A). The measured raw fluorescence intensity (FI) values
(arbitrary units, a.u.) were used as previously described (16).

2.4 Statistical analysis

For descriptive analysis, continuous variables were shown as
median (interquartile range, IQR) and compared using the Mann-
Whitney U test. Categorical variables were shown as absolute count
(percentage), and compared using Chi-square or Fisher’s exact test,
as appropriate.

To compare baseline biomarker levels between individuals who
developed NADCs and those who did not, median with interquartile
range (IQR) were calculated and compared using the Mann-Whitney
U test. Additionally, to assess the cross-sectional association of baseline
biomarker levels with NADC status, Generalized Linear Models (GLM)
with a gamma distribution (log-link) were performed. These models
were used to calculate both unadjusted and adjusted arithmetic mean
ratios (AMR and aAMR, respectively). In addition, to assess the
correlations among the 24 plasma biomarkers, pairwise Spearman’s
rank correlation tests were performed.

Borgan II-weighted cause-specific Cox proportional hazards
regression models (17) using robust standard errors (18) were
used to estimate hazard ratios (HRs) and 95% confidence
intervals (95% Cls) for the association between biomarker levels
and the risk of NADC occurrence over time, with age as the time
scale, and death as a competing event. The biomarker levels were
first winsorized to minimize the influence of extreme outliers and
then analyzed as continuous (log2-transformed) variables.
Multivariable models were adjusted for demographic, clinical, and
viro-immunological confounders, including: gender (male, female),
region of origin (Spain, Europe (excluding Spain), Latin America,
other/unknown), education (none or primary, secondary,
university, other/unknown), transmission route (heterosexual,
men who have sex with men (MSM), injecting drug users, other/
unknown), smoking (never smoker, ex-smoker, smoker, unknown),
prior AIDS diagnosis (yes, no), CD4+ T cell/mm? (=500, 350-499,
<350, unknown), HCV (yes, no), and HBV coinfection (yes, no,
unknown). The final adjusted model simultaneously included all
these covariates, which were selected a priori based on their clinical
relevance and not through a data-driven selection process.

To assess whether the associations between biomarker levels
and the risk of NADC occurrence over time differed by gender, an
interaction term was included between each biomarker and gender
in both unadjusted and adjusted models. P-values for interaction
were obtained using a likelihood ratio test (LRT) comparing a
model with interaction with a nested model without interaction.

P-values were corrected for multiple testing using the False
Discovery Rate (FDR) method (q-values) (19). A p-value <0.050
was considered statistically significant. A q-value <0.200 was used to
identify potentially relevant associations. This less stringent q-value
threshold is often employed in exploratory or hypothesis-
generating studies to effectively balance the risk of false positives
while minimizing the chance of missing true biological signals,
particularly when the number of events is limited.
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All statistical analyses were performed using the R statistical
package (R version 4.3.1. R Foundation for Statistical Computing,
Vienna, Austria).

3 Results
3.1 Individuals’ characteristics

The baseline characteristics of 316 PWH are detailed in Table 1.
Opverall, the cohort was predominantly male (84.8%), mostly from
Spain (62.3%), with a median age of 41 years. Sexual transmission
was the most frequent route, primarily among MSM (61.1%),
followed by heterosexual transmission (29.1%). A prior AIDS
diagnosis was present in 16.1% of participants, and the median
baseline CD4+ T cell count was 614 cells/mm?®. The most common
antiretroviral regimen was based on nucleoside reverse
transcriptase inhibitors (NRTI) combined with non-nucleoside
reverse transcriptase inhibitors (NNRTI) (34.5%), followed by a
combination of NRTI plus integrase inhibitors (II) (30.1%).

Significant differences were observed between PWH who
developed NADCs and those who did not (Table 1). Individuals
who developed NADCs were older, more frequently reported a
history of heterosexual transmission, had a higher rate of smoking,
lower nadir and baseline CD4+ T cell counts, and a higher frequency
of prior AIDS diagnoses, as well as HCV and HBV coinfections.
Differences were also observed for ART regimens, with NNRTI-based
therapies being most represented in the NADC group (38%). The
distribution of specific NADCs diagnosed in the NADC group is
detailed in the Supplementary Material (Supplementary Table SI).

3.2 Biomarker levels and correlations

The baseline plasma levels for the 24 biomarkers in both NADC
cases and the subcohort are detailed in Supplementary Table S2.
While a trend towards higher median levels was observed for several
biomarkers in the group that subsequently developed an NADC,
formal statistical comparisons of these baseline levels did not yield
statistically significant differences. This finding underscores that the
association between these biomarkers and cancer development is
more robustly captured through longitudinal risk modeling over
time, as presented in Cox regression analyses, rather than through
simple cross-sectional comparisons at a single time point.

The correlation matrix between the biomarkers is shown in
Supplementary Figure SI. Notably, all pairwise correlations
displayed were statistically significant (p <0.05) and revealed a
landscape of predominantly moderate to strong positive correlations.

3.3 Plasma biomarkers associated with
incident NADCs

The associations between baseline plasma biomarkers and the
NADC risk are presented in Supplementary Table S3. In the
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adjusted models (Figure 1), higher baseline levels of twelve
biomarkers were significantly associated with an increased risk of
incident NADC: CD28 (adjusted HR (aHR) (95% CI)=1.31 (1.03 -
1.66), q=0.070), PD-L1 (aHR (95% CI)=1.55 (1.16 - 2.07),
q=0.016), PD-L2 (aHR (95% CI)=3.33 (1.92 - 5.80), q<0.001),
LAG-3 (aHR (95% CI)=1.31 (1.01 - 1.70), =0.081), TIM-3 (aHR
(95% CI)=1.56 (1.05 - 2.30), q=0.070), CD36 (aHR (95% CI)=1.56
(1.11 - 2.19), q=0.034), IL-1o (aHR (95% CI)=1.43 (1.02 - 2.01),
q=0.081), GDF1-5 (aHR (95% CI)=1.47 (1.09 - 1.99), q=0.038),
PAI-1 (aHR (95% CI)=2.27 (1.23 - 4.19), q=0.034), HGF (aHR
(95% CI)=1.88 (1.32 - 2.68), ¢=0.006), FGF-2 (aHR (95% CI)=1.45
(1.10 - 1.91), g=0.034), and MMP-1 (aHR (95% CI)=2.32 (1.40 -
3.84), q=0.008). Furthermore, a similar trend was observed for IL-8
(aHR (95% CI)=1.33 (0.98 - 1.80), q=0.111), SDF-1o. (aHR (95%
CI)=1.48 (0.99 - 2.23), q=0.107), and EGF (aHR (95% CI)=1.26
(0.98 - 1.62), q=0.111), which were borderline significant.

3.4 Gender as an effect modifier of
biomarker association with NADC risk

Before assessing gender as an effect modifier on NADC risk over
time, we first examined baseline differences in biomarker levels
between males and females within both the NADC case group and
the non-NADC subcohort (Supplementary Table S4). No
significant differences were found among the NADC and non-
NADC groups, except for MCP-1 (p=0.008) and HGF (p=0.032)
within the subcohort.

We found that gender modified the association between several
baseline plasma biomarkers and the risk of developing NADC
(unadjusted models are shown in Supplementary Table S5). In
the adjusted models (Table 2), we observed statistically significant
interactions for CD80 (q=0.047), PD-L2 (q=0.077), MCP-1
(q=0.006), MCP-2 (q=0.125), TNF-B (q=0.125), IP-10 (q<0.001),
EGF (q=0.125), HGF (q=0.006), and MMP-1 (q=0.022). For the
majority of these (PD-L2, MCP-1, MCP-2, EGF, HGF, and MMP-
1), the interactions indicated that higher biomarker levels conferred
a stronger NADC risk in females than in males. However, the effect
estimates for several of these markers in females (PD-L2, MCP-1,
MCP-2, HGF, and MMP-1) should be interpreted with caution due
to wide confidence intervals, which reflect the limited statistical
power in this subgroup. Notably, CD80, TNF-f3 and IP-10
displayed the opposite effect, indicating that higher levels of this
biomarker were associated with a relatively lower NADC risk in
females compared to males.

4 Discussion

This study identified several biomarkers associated with NADC
risk in PWH on long-term ART, highlighting a significant effect
modification by gender. Our central finding is that the magnitude
and, in some cases, the direction of these associations differ
substantially between females and males. This suggests that the
biological pathways driving carcinogenesis in the context of chronic
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TABLE 1 Clinical, epidemiological, and virological profiles at baseline of people with HIV (PWH) on antiretroviral treatment stratified by the
development of non-AlIDS-defining cancers (NADCs).

All patients NADCs Not NADCs p-value

No. 316 71 (22.5%) 245 (77.5%)
Age (years) 41 (33-49) 50 (44-60) 39 (32-45) <0.001
Gender (male) 268 (84.8%) 56 (78.9%) 212 (86.5%) 0.163
Region 0.033

Spain 197 (62.3%) 51 (71.8%) 146 (59.6%)

Europe (excluding Spain) 38 (12.0%) 11 (15.5%) 27 (11.0%)

Latin America 64 (20.3%) 6 (8.5%) 58 (23.7%)

Other/Unknown 17 (5.4%) 3 (4.2%) 14 (5.7%)
Education 0.002

None or primary 55 (17.4%) 22 (31.0%) 33 (13.5%)

Secondary 147 (46.5%) 33 (46.5%) 114 (46.5%)

University 89 (28.2%) 12 (16.9%) 77 (31.4%)

Other/Unknown 25 (7.9%) 4 (5.6%) 21 (8.6%)
Smoking <0.001

Never smoker 91 (28.8%) 5 (7.0%) 86 (35.1%)

Ex-smoker 26 (8.2%) 10 (14.1%) 16 (6.5%)

Smoker 90 (28.5%) 24 (33.8%) 66 (26.9%)

Unknown 109 (34.5%) 32 (45.1%) 77 (31.4%)
Transmission <0.001

Heterosexual 92 (29.1%) 31 (43.7%) 61 (24.9%)

MSM 193 (61.1%) 28 (39.4%) 165 (67.3%)

IDU 16 (5.1%) 8 (11.3%) 8 (3.3%)

Other/Unknown 15 (4.7%) 4 (5.6%) 11 (4.5%)
HCV coinfection 24 (7.6%) 12 (16.9%) 12 (4.9%) 0.002
HBV coinfection (n = 286) 103 (36.0%) 39 (56.5%) 64 (29.5%) <0.001
HIV markers
Previous AIDS 51 (16.1%) 20 (28.2%) 31 (12.7%) 0.003
Nadir CD4+/mm3 289 (145-405) 203 (73-301) 317 (166-434) <0.001
Baseline CD4+ T-cells/mm3 (n = 296) 614 (423-842) 528 (373-726) 631 (446-858) 0.015
Baseline CD4+/mm3 0.093

<350 50 (15.8%) 13 (18.3%) 37 (15.1%)

350-499 56 (17.7%) 19 (26.8%) 37 (15.1%)

>500 205 (64.9%) 38 (53.5%) 167 (68.2%)

Unknown 5 (1.6%) 1 (1.4%) 4 (1.6%)
HIV antiretroviral therapy 0.030

NRTI + II 95 (30.1%) 13 (18.3%) 82 (33.5%)

NRTI + PI 60 (19.0%) 21 (29.6%) 39 (15.9%)

NRTI + NNRTI 109 (34.5%) 27 (38.0%) 82 (33.5%)

(Continued)
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TABLE 1 Continued

All patients NADCs Not NADCs p-value
HIV antiretroviral therapy 0.030
Other 43 (13.6%) 9 (12.7%) 34 (13.9%)
Unknown 9 (2.8%) 1 (1.4%) 8 (3.3%)

Statistics: Categorical variables are reported as frequencies (percentages), while continuous variables are presented as medians (interquartile range).1 P-values were obtained through the
Chisquare/Fisher test and the Mann-Whitney U test. Statistically significant differences are shown in bold. MSM, men who have sex with men; IDU, injecting drug users; AIDS, acquired immune
deficiency syndrome; NRTI, nucleoside analogue HIV reverse transcriptase inhibitor; II, HIV integrase inhibitor; PI, HIV protease inhibitor; NNRTI, non-nucleoside analogue HIV reverse
transcriptase inhibitor.

HIV infection are sexually dimorphic, a critical consideration for ~ biomarkers in PWH who subsequently developed an NADC.
future research and clinical practice. Furthermore, the strong positive correlations among these

Despite effective virological suppression, PWH on ART remain  proteins point to a highly co-regulated, systemic pro-
in a state of inflammaging (7), characterized by a sustained increase  inflammatory state. In this context, we identified a broad profile
in inflammatory cells and proinflammatory mediators. Our data  of immune regulation and SASP biomarkers associated with an
visually support this, showing a widespread elevation of most increased risk of NADCs. This included twelve biomarkers,

aHR p-value g-value

CD28- - 131 0029 0.070
CD80- | : = | 141 0.341 0.390
PD-1- - 1.15 0.191  0.250
PD-L1A o 1.55 0.003  0.016
PD-L2- : | = 1 333  <0.001 <0.001
LAG-3 — 1.31 0.039  0.081
TIM-3- - 1.56 0.027  0.070
CD364 e — 1.56 0.010  0.034
IL-1a e — 143  0.041  0.081
IL-8 (CXCL8)H o 133 0066 0.111
MCP-1- e 1.30 0.235  0.281
MCP-2- i 1.27 0.198  0.250
TNF-B ——— 0.97 0.857  0.858
TNF-RI- bolm 1.08 0.520  0.567
TNF-RIIH ' : = { 1.44 0.169 0.238
IP-10 (CXCL10)- - 1.03 0.858  0.858
SDF-1a- e 1.48 0.058  0.107
GDF-15- D 1.47 0.013  0.038
PAI-1 (Serpin)- P = | 2.27 0.009 0.034
EGFA - 1.26 0.069  0.111
HGFA Do 1.88  <0.001 0.006
FGF-2+ P 1.45 0.008  0.034
VEGF-A- L 1.50 0.092  0.138
MMP-1+ : = —= : 2.32 0.001  0.008

0.5 1 2 4

aHR (95%CI)

FIGURE 1

Adjusted associations of plasma markers with the development of NADCs in PWH on ART. Statistics: aHR and 95%Cl were estimated with cause—
specific Cox proportional hazards regression models with Borgan Il weights. with age as time scale. Models were adjusted for relevant confounders
(see Methods Section). The g—values represent p—values corrected for multiple testing using the False Discovery Rate (FDR). NADCs, non—AIDS—
defining cancers; PWH, people with HIV; ART, antiretroviral treatment; aHR, adjusted Hazard Ratio; 95%Cl, 95% of confidence interval; p, level of
significance; g, corrected level of significance; CD, cluster of differentiation; EGF, epidermal growth factor; FGF, fibroblast growth factor; GDF,
growth differentiation factor; HGF, hepatocyte growth factor; IL, interleukin; IP, interferon gamma—-induced protein; LAG, lymphocyte activation
gene; MCP, monocyte chemoattractant protein; MMP, matrix metalloproteinase; PAIl, Plasminogen Activator Inhibitor; PD-1, programmed cell death
protein; PD—L, programmed death-ligand; SDF, stromal cell-derived factor; TIM, T—cell immunoglobulin and mucin domain; TNF, tumour necrosis
factor; TNF-R, tumour necrosis factor receptor; VEGF, vascular endothelial growth factor.
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TABLE 2 Adjusted association of plasma markers of immune regulation and senescence-associated secretory phenotype (SASP) at baseline with the
development of non—AIDS—defining cancers (NADCs) during the follow—up time in people with HIV (PWH) on antiretroviral treatment, by gender.

Female individuals Male individuals Interaction
Category
aHR (95%Cl) aHR (95%Cl) p-value g-value
CD28 1.17 (031 - 4.36) 1.32 (1.03 - 1.69) 0.758 0.843
CD80 0.12 (0.00 - 4.54) 1.67 (0.83 - 3.35) 0.010 0.047
PD-1 126 (0.73 - 2.18) 1.12 (0.88 - 1.42) 0.605 0.806
Immune regulation PD-L1 2.25(1.18 - 4.31) 1.39 (0.95 - 2.02) 0.155 0.265
PD-12 14.40 (1.96 - 105.57) 277 (155 - 4.97) 0.019 0.077
LAG-3 1.53 (0.68 - 3.46) 127 (0.94 - 1.71) 0.552 0.780
TIM-3 261 (0.90 - 7.53) 1.39 (0.89 - 2.18) 0.151 0.265
CD36 156 (0.64 - 3.78) 1.56 (1.09 - 2.24) 0.999 0.999
IL-1o 1.26 (0.28 - 5.73) 1.45 (1.00 - 2.11) 0.763 0.843
IL-8 (CXCL8) 092 (0.20 - 4.22) 1.37 (1.01 - 2.11) 0.370 0.592
MCP-1 407 (152 - 10.92) 0.90 (0.53 - 1.51) <0.001 0.006
MCP-2 3.02 (1.26 - 7.23) 1.14 (0.78 - 1.67) 0.040 0.125
TNE-B 0.57 (0.22 - 1.44) 1.10 (0.75 — 1.59) 0.045 0.125
TNE-RI 0.98 (0.40 - 2.41) 1.10 (0.86 - 1.41) 0.701 0.843
TNE-RII 2.93 (0.89 - 9.61) 1.26 (0.74 - 2.14) 0.097 0.193
i;:it:y‘;ceegi;;ated secretory | 1p_10 (CXCL10) 042 (0.19 - 0.92) 1.25 (0.92 - 1.71) <0.001 <0.001
SDE-1a 157 (0.57 - 4.32) 147 (0.94 - 2.30) 0.882 0920
GDEF-15 1.88 (0.64 — 5.48) 1.43 (1.05 - 1.95) 0.512 0.769
PAI-1 (Serpin) 270 (036 - 10.34) 217 (1.05 - 4.46) 0.772 0.843
EGEF 201 (1.07 - 3.77) 1.14 (0.87 - 1.50) 0.047 0.125
HGF 631 (2.66 - 14.95) 141 (0.94 - 2.11) <0.001 0.006
FGF-2 232 (1.32 - 4.10) 1.35 (1.01 - 1.82) 0.062 0135
VEGE-A 0.54 (0.05 - 5.67) 1.69 (1.04 - 2.74) 0.059 0.135
MMP-1 8.47 (2.98 - 24.07) 1.79 (1.05 - 3.07) 0.004 0.022

Statistics: Data were calculated by Cox proportional hazards regression models with Borgan weighting. Age was used as the time scale and death as a competing event in the models. Multivariable
models were adjusted for relevant confounders (see Methods Section). The q—values represent p-values corrected for multiple testing using the False Discovery Rate (FDR). Statistically significant
differences are shown in bold. aHR, adjusted HR; 95%CI, 95% of confidence interval; p, level of significance; g, corrected level of significance; CD, cluster of differentiation; EGF, epidermal growth
factor; FGF, fibroblast growth factor; GDF, growth differentiation factor; HGF, hepatocyte growth factor; IL, interleukin; IP, interferon gamma-induced protein; LAG, lymphocyte activation
gene; MCP, monocyte chemoattractant protein; MMP, matrix metalloproteinase; PAI, Plasminogen Activator Inhibitor; PD-1, programmed cell death protein; PD-L, programmed death-ligand;
SDF, stromal cell-derived factor; TIM, T-cell immunoglobulin and mucin domain; TNF, tumour necrosis factor; TNF-R, tumour necrosis factor receptor; VEGF, vascular endothelial growth

factor.

including CD28, PD-LI, PD-12, LAG-3, TIM-3, CD36, IL-1a,
GDEF-15, PAI-1, HGF, FGF-2, and MMP-1, and notably, a strong
trend of association for three others (IL-8, SDF-10, and EGF).
These markers represent key pathways implicated in cancer
pathogenesis. Elevated levels of immune checkpoint proteins such
as PD-L1, PD-L2, LAG-3, and TIM-3, alongside the co-
stimulatory molecule CD28, point towards a state of dysregulated
T-cell and immune activation and exhaustion, potentially
contributing to a dysfunctional, exhausted, and inflammatory
immune phenotype that compromises the host’s ability for an
effective anti-tumor response (10, 20, 21). Similarly, the
association with IL-1a, GDF-15 and PAI-1, key components of
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SASP, highlights accelerated immune ageing, which is conducive to
tumorigenesis (22-24). Concurrently, markers like HGF, EGF,
MMP-1 and the scavenger receptor CD36 reflect processes of
chronic inflammation, tissue remodeling, and metabolic
reprogramming, which facilitate cancer cell proliferation and
survival (25-27). Finally, increased FGF-2 levels, further
supported by trends in SDF-la and IL-8, imply activation of
pro-angiogenic pathways, which are critical for supporting tumor
growth through enhanced nutrient and oxygen delivery (28-30).
Although these pathways are essential for maintaining self-
tolerance and limiting immunopathology, their chronic activation
in the context of HIV leads to a progressive loss of their functions.
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Collectively, these findings delineate a complex and multifactorial
biological state that may predispose PWH to the development
of NADCs.

Within this multifactorial biological state, three biomarkers
stood out with the strongest associations to NADC risk: PD-L2,
PAI-1, and MMP-1. The particularly strong signal from PD-L2
points to a profound state of T-cell exhaustion and immune
evasion, a critical mechanism that allows nascent cancer cells to
escape immune destruction (31). This is complemented by the high
levels of PAI-1, a key SASP component that not only signifies
accelerated cellular aging but also actively promotes a pro-
tumorigenic microenvironment through its inflammatory and
tissue-remodeling properties (24). Finally, the robust association
with MMP-1 underscores the importance of active extracellular
matrix degradation, a fundamental step for tumor cell invasion (32).
The convergence of these three markers paints a clear picture of the
most critical pathogenic pathways at play: compromised anti-tumor
immunity, a senescence-driven inflammatory milieu, and the
enzymatic machinery for tissue invasion, which together form a
potent triad driving NADC development in this population.

Building on the general associations, our study’s most critical
finding was the significant effect modification by gender. While
previous studies have linked inflammation to NADC risk in PWH
(5-7), and others have described immunological differences between
genders (12, 13), our work provides the crucial link between these
two observations, presenting novel evidence that these
immunological differences translate into gender-specific biomarker
signatures of NADC risk. This phenomenon is increasingly
recognized in HIV-associated comorbidities (33), and aligns with
growing evidence that chronic inflammation and immune activation
pathways are regulated in a gender-specific manner (34). For several
key biomarkers—including the immune checkpoint PD-L2, the
proinflammatory chemokines MCP-1 and MCP-2, the growth
factors EGF and HGF, and the tissue-remodeling enzyme MMP-1
—our interaction tests confirmed that the pro-tumorigenic
association is significantly stronger in females. It is crucial to note,
however, that while the direction of this gender-specific effect was
consistent, the precise magnitude of the risk in females should be
interpreted with caution. The female-specific estimates for these
markers were accompanied by wide confidence intervals, reflecting
lower statistical power in this subgroup. Nevertheless, this multi-
faceted profile suggests that in females with HIV, a combination of
immune exhaustion, chronic inflammation, and aberrant cellular
growth creates a highly pro-tumorigenic environment. This is
biologically plausible, as females are known to mount stronger
innate and adaptive immune responses, which, in the context of a
chronic antigen stimulus like HIV, may lead to more pronounced
and damaging chronic inflammation (33-35).

In contrast, CD80, TNF-f3, and IP-10 showed a significant
interaction in the opposite direction, with a relatively lower NADC
risk in females compared to males at higher levels of these
biomarkers. This observation may be explained by the complex
and often dual roles these molecules play in tumor immunology.
CD80 is a co-stimulatory molecule that can either activate anti-
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tumor T-cells or deliver inhibitory signals (36). TNF-f3 is a cytokine
with both pro-apoptotic and pro-inflammatory, tumor-promoting
capabilities (37). Similarly, IP-10 is a complex chemokine that can
recruits anti-tumor T-cells and also promote inflammation and
angiogenesis (38). The opposing interaction effect observed could
reflect these context-dependent functions, potentially influenced by
the distinct hormonal and immunological environments of each
gender. This specific finding warrants further investigation to
unravel the precise mechanisms behind these gender-specific
interactions. These findings underscore that a universal
biomarker approach is likely insufficient and that gender-specific
strategies are essential for developing effective predictive tools for
NADC risk in PWH, potentially involving distinct sets of markers
for male and female individuals.

Our study has several limitations. First, the number of female
participants, and particularly female cases, was small, which limits
the statistical power to detect interaction effects, meaning some
differences may not have reached statistical significance. Despite
this, we identified several robust interactions, suggesting the impact
we did detect is of considerable magnitude. Second, biomarker
measurements were performed at a single time point, which does
not capture the dynamic nature of inflammatory processes in PWH
over time (39). Third, while we adjusted for a wide range of
potential confounders, residual confounding from unmeasured
factors, such as diet or body mass index, cannot be entirely ruled
out because of incomplete data availability in CoRIS. Finally, our
analysis grouped all NADCs together; future studies with larger
numbers of events could explore whether these biomarker
signatures are specific to certain cancer types.

Nevertheless, this study has several strengths. First, it is nested
within a large, well-characterized national cohort (CoRIS) with
long-term follow-up and rigorously collected data. Second, the case-
cohort design is an efficient and statistically valid method for
studying rare outcomes in large cohorts. Third, our study was
limited to the analysis of soluble plasma biomarkers, which
precludes an assessment of cellular-level contributions to the
observed phenomena. Fourth, we analyzed a broad panel of 24
biomarkers, allowing for a comprehensive assessment of multiple
biological pathways simultaneously.

Fifth, the use of age as the time scale in our Cox models is
another key strength, given its strong association with cancer risk,
as using time-on-study may bias results (40). Finally, death was
treated as a competing event to account for the possibility that
individuals may die before developing an NADC, thereby
precluding its occurrence and potentially biasing risk estimates (41).

In conclusion, plasma biomarker levels of immune regulation
and SASP are associated with NADC risk in PWH on long-term
ART. These associations are significantly modified by gender, with
key pathways of inflammation, tissue remodeling, and cellular
growth conferring a stronger pro-tumorigenic effect in females.
These findings highlight the importance of considering gender-
specific inflammatory and immunosenescence pathways in NADC
development among PWH and pave the way for more personalized
risk-stratification strategies.
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APPENDIX A
CoRIS cohort.

SUPPLEMENTARY TABLE 1
Type and frequency of non-AIDS-defining cancers (NADCs) developed during
the follow-up time in 71 people with HIV (PWH) on antiretroviral treatment.

SUPPLEMENTARY TABLE 2

Plasma levels of immune regulation and senescence-associated secretory
phenotype (SASP) biomarkers at baseline in people with HIV (PWH) on
antiretroviral treatment without and with non-AIDS-defining cancers
(NADCs) during the follow-up time.
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SUPPLEMENTARY TABLE 3

Association of plasma markers of immune regulation and senescence-
associated secretory phenotype (SASP) at baseline with the development of
non-AlIDS—-defining cancers (NADCs) during the follow—up time in people
with HIV (PWH) on antiretroviral treatment.

SUPPLEMENTARY TABLE 4

Plasma levels of immune regulation and senescence-associated secretory
phenotype (SASP) biomarkers at baseline in people with HIV (PWH) on
antiretroviral treatment stratified by gender and NADC development.

References

1. Antiretroviral Therapy Cohort C. Survival of HIV-positive patients starting
antiretroviral therapy between 1996 and 2013: a collaborative analysis of cohort
studies. Lancet HIV. (2017) 4:e349-e56. doi: 10.1016/S2352-3018(17)30066-8

2. Shiels MS, Althoff KN, Pfeiffer RM, Achenbach CJ, Abraham AG, Castilho J, et al.
HIV infection, immunosuppression, and age at diagnosis of non-AIDS-defining
cancers. Clin Infect Dis. (2017) 64:468-75. doi: 10.1093/cid/ciw764

3. Shiels MS, Islam JY, Rosenberg PS, Hall HI, Jacobson E, Engels EA. Projected cancer
incidence rates and burden of incident cancer cases in HIV-infected adults in the United
States through 2030. Ann Intern Med. (2018) 168:866-73. doi: 10.7326/M17-2499

4. Hu J, Liu K, Luo J. HIV-HBV and HIV-HCV coinfection and liver cancer
development. Cancer Treat Res. (2019) 177:231-50. doi: 10.1007/978-3-030-03502-0_9

5. Dubrow R, Silverberg MJ, Park LS, Crothers K, Justice AC. HIV infection, aging,
and immune function: implications for cancer risk and prevention. Curr Opin Oncol.
(2012) 24:506-16. doi: 10.1097/CCO.0b013e328355e131

6. Han WM, Ryom L, Sabin CA, Greenberg L, Cavassini M, Egle A, et al. Risk of
cancer in people with HIV experiencing varying degrees of immune recovery with
sustained virological suppression on antiretroviral treatment for more than 2 years: an
international, multicentre, observational cohort. Clin Infect Dis. (2025) ciaf248.
doi: 10.1093/cid/ciaf248

7. Omar A, Marques N, Crawford N. Cancer and HIV: the molecular mechanisms of
the deadly duo. Cancers (Basel). (2024) 16:546. doi: 10.3390/cancers16030546

8. Sheets K, Baker JV. HIV and inflamm-aging: how do we reach the summit of
healthy aging? Top Antivir Med. (2024) 32:589-96.

9. Hart BB, Nordell AD, Okulicz JF, Palfreeman A, Horban A, Kedem E, et al.
Inflammation-related morbidity and mortality among HIV-positive adults: how
extensive is it? J Acquir Immune Defic Syndr. (2018) 77:1-7. doi: 10.1097/
QAI.0000000000001554

10. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion.
Nat Rev Immunol. (2015) 15:486-99. doi: 10.1038/nri3862

11. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1
expression on HIV-specific T cells is associated with T-cell exhaustion and disease
progression. Nature. (2006) 443:350—4. doi: 10.1038/nature05115

12. Morgan-Hughes G, Williams MC, Loudon M, Roobottom CA, Iacovides S,
Wotton F, et al. Sex-based inequalities in contemporary UK hospital management of
stable chest pain. Open Heart. (2021) 8:¢001672. doi: 10.1136/openhrt-2021-001672

13. Forsyth KS, Jiwrajka N, Lovell CD, Toothacre NE, Anguera MC. The conneXion
between sex and immune responses. Nat Rev Immunol. (2024) 24:487-502.
doi: 10.1038/s41577-024-00996-9

14. Kjaer ], Ledergerber B. HIV cohort collaborations: proposal for harmonization of
data exchange. Antivir Ther. (2004) 9:631-3. doi: 10.1177/135965350400900421

15. Sobrino-Vegas P, Gutierrez F, Berenguer J, Labarga P, Garcia F, Alejos-Ferreras
B, et al. The Cohort of the Spanish HIV Research Network (CoRIS) and its associated
biobank; organizational issues, main findings and losses to follow-up. Enferm Infecc
Microbiol Clin. (2011) 29:645-53. doi: 10.1016/j.eimc.2011.06.002

16. Breen EJ, Polaskova V, Khan A. Bead-based multiplex immuno-assays for
cytokines, chemokines, growth factors and other analytes: median fluorescence
intensities versus their derived absolute concentration values for statistical analysis.
Cytokine. (2015) 71:188-98. doi: 10.1016/j.cyt0.2014.10.030

17. Borgan O, Langholz B, Samuelsen SO, Goldstein L, Pogoda J. Exposure stratified
case-cohort designs. Lifetime Data Anal. (2000) 6:39-58. doi: 10.1023/A:1009661900674

18. Barlow WE. Robust variance estimation for the case-cohort design. Biometrics.
(1994) 50:1064-72. doi: 10.2307/2533444

19. Hochberg Y, Benjamini Y. More powerful procedures for multiple significance
testing. Stat Med. (1990) 9:811-8. doi: 10.1002/sim.4780090710

20. Han Y, Liu D, Li L. PD-1/PD-L1 pathway: current researches in cancer. Am |
Cancer Res. (2020) 10:727-42.

21. Aprilia A, Handono K, Sujuti H, Sabarudin A, Winaris N. sCD163, sCD28,
sCD80, and sCTLA-4 as soluble marker candidates for detecting immunosenescence.
Immun Ageing. (2024) 21:9. doi: 10.1186/s12979-023-00405-0

Frontiers in Immunology

10

10.3389/fimmu.2025.1707510

SUPPLEMENTARY TABLE 5

Unadjusted association of plasma markers of immune regulation and
senescence-associated secretory phenotype (SASP) at baseline with the
development of non—-AIDS—-defining cancers (NADCs) during the follow—up
time in people with HIV (PWH) on antiretroviral treatment, by gender.

SUPPLEMENTARY FIGURE 1

Correlation matrix of plasma levels of immune regulation and senescence-
associated secretory phenotype (SASP) biomarkers at baseline in people with
HIV (PWH) on antiretroviral treatment.

22. Khavinson V, Linkova N, Dyatlova A, Kantemirova R, Kozlov K. Senescence-
associated secretory phenotype of cardiovascular system cells and
inflammaging: perspectives of peptide regulation. Cells. (2022) 12:106. doi: 10.3390/
cells12010106

23. Pence BD. Growth differentiation factor-15 in immunity and aging. Front Aging.
(2022) 3:837575. doi: 10.3389/fragi.2022.837575

24. Rana T, Jiang C, Liu G, Miyata T, Antony V, Thannickal V], et al. PAI-1
regulation of TGF-betal-induced alveolar type II cell senescence, SASP secretion, and
SASP-mediated activation of alveolar macrophages. Am ] Respir Cell Mol Biol. (2020)
62:319-30. doi: 10.1165/rcmb.2019-00710C

25. Guerrero-Rodriguez SL, Mata-Cruz C, Perez-Tapia SM, Velasco-Velazquez MA.
Role of CD36 in cancer progression, stemness, and targeting. Front Cell Dev Biol.
(2022) 10:1079076. doi: 10.3389/fcell.2022.1079076

26. Gialeli C, Theocharis AD, Karamanos NK. Roles of matrix metalloproteinases in
cancer progression and their pharmacological targeting. FEBS J. (2011) 278:16-27.
doi: 10.1111/j.1742-4658.2010.07919.x

27. Cecchi F, Rabe DC, Bottaro DP. Targeting the HGF/Met signaling pathway in
cancer therapy. Expert Opin Ther Targets. (2012) 16:553-72. doi: 10.1517/
14728222.2012.680957

28. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R,
et al. Stromal fibroblasts present in invasive human breast carcinomas promote tumor
growth and angiogenesis through elevated SDF-1/CXCLI2 secretion. Cell. (2005)
121:335-48. doi: 10.1016/j.cell.2005.02.034

29. Arenas EJ. Cytokine-driven cancer immune evasion mechanisms. Int Rev Cell
Mol Biol. (2025) 396:1-54. doi: 10.1016/bs.ircmb.2025.01.004

30. Presta M, Dell’Era P, Mitola S, Moroni E, Ronca R, Rusnati M. Fibroblast growth
factor/fibroblast growth factor receptor system in angiogenesis. Cytokine Growth Factor
Rev. (2005) 16:159-78. doi: 10.1016/j.cytogfr.2005.01.004

31. Sun C, Mezzadra R, Schumacher TN. Regulation and function of the PD-L1
checkpoint. Immunity. (2018) 48:434-52. doi: 10.1016/j.immuni.2018.03.014

32. Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases: regulators of the
tumor microenvironment. Cell. (2010) 141:52-67. doi: 10.1016/j.cell.2010.03.015

33. Scully EP. Sex differences in HIV infection. Curr HIV/AIDS Rep. (2018) 15:136-
46. doi: 10.1007/s11904-018-0383-2

34. Zanni MV, Foldyna B, McCallum S, Burdo TH, Looby SE, Fitch KV, et al. Sex
differences in subclinical atherosclerosis and systemic immune activation/
inflammation among people with human immunodeficiency virus in the United
States. Clin Infect Dis. (2023) 76:323-34. doi: 10.1093/cid/ciac767

35. Raghavan A, Rimmelin DE, Fitch KV, Zanni MV. Sex differences in select non-
communicable HIV-associated comorbidities: exploring the role of systemic immune
activation/inflammation. Curr HIV/AIDS Rep. (2017) 14:220-8. doi: 10.1007/s11904-
017-0366-8

36. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nat Rev Cancer. (2012) 12:252-64. doi: 10.1038/nrc3239

37. Aggarwal BB. Signalling pathways of the TNF superfamily: a double-edged
sword. Nat Rev Immunol. (2003) 3:745-56. doi: 10.1038/nri1184

38. Tokunaga R, Zhang W, Naseem M, Puccini A, Berger MD, Soni S, et al. CXCL9,
CXCL10, CXCL11/CXCR3 axis for immune activation - A target for novel cancer
therapy. Cancer Treat Rev. (2018) 63:40-7. doi: 10.1016/j.ctrv.2017.11.007

39. Zanella I, Biasiotto G, Castelli F, Calza S, Carriero C, Degli Antoni M, et al.
Descriptive modification of inflammatory markers in HIV patients after cART
initiation according to gender, smoking habit, CMV infection, BMI and serum
lipids. Cytokine. (2021) 143:155547. doi: 10.1016/j.cyt0.2021.155547

40. Thiebaut AC, Benichou J. Choice of time-scale in Cox’s model analysis of
epidemiologic cohort data: a simulation study. Stat Med. (2004) 23:3803-20. doi:
10.1002/sim.2098

41. Austin PC, Lee DS, Fine JP. Introduction to the analysis of survival data in the
presence of competing risks. Circulation. (2016) 133:601-9. doi: 10.1161/
CIRCULATIONAHA.115.017719

frontiersin.org


https://doi.org/10.1016/S2352-3018(17)30066-8
https://doi.org/10.1093/cid/ciw764
https://doi.org/10.7326/M17-2499
https://doi.org/10.1007/978-3-030-03502-0_9
https://doi.org/10.1097/CCO.0b013e328355e131
https://doi.org/10.1093/cid/ciaf248
https://doi.org/10.3390/cancers16030546
https://doi.org/10.1097/QAI.0000000000001554
https://doi.org/10.1097/QAI.0000000000001554
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nature05115
https://doi.org/10.1136/openhrt-2021-001672
https://doi.org/10.1038/s41577-024-00996-9
https://doi.org/10.1177/135965350400900421
https://doi.org/10.1016/j.eimc.2011.06.002
https://doi.org/10.1016/j.cyto.2014.10.030
https://doi.org/10.1023/A:1009661900674
https://doi.org/10.2307/2533444
https://doi.org/10.1002/sim.4780090710
https://doi.org/10.1186/s12979-023-00405-0
https://doi.org/10.3390/cells12010106
https://doi.org/10.3390/cells12010106
https://doi.org/10.3389/fragi.2022.837575
https://doi.org/10.1165/rcmb.2019-0071OC
https://doi.org/10.3389/fcell.2022.1079076
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.1517/14728222.2012.680957
https://doi.org/10.1517/14728222.2012.680957
https://doi.org/10.1016/j.cell.2005.02.034
https://doi.org/10.1016/bs.ircmb.2025.01.004
https://doi.org/10.1016/j.cytogfr.2005.01.004
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1016/j.cell.2010.03.015
https://doi.org/10.1007/s11904-018-0383-2
https://doi.org/10.1093/cid/ciac767
https://doi.org/10.1007/s11904-017-0366-8
https://doi.org/10.1007/s11904-017-0366-8
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/nri1184
https://doi.org/10.1016/j.ctrv.2017.11.007
https://doi.org/10.1016/j.cyto.2021.155547
https://doi.org/10.1002/sim.2098
https://doi.org/10.1161/CIRCULATIONAHA.115.017719
https://doi.org/10.1161/CIRCULATIONAHA.115.017719
https://doi.org/10.3389/fimmu.2025.1707510
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immune and senescence profiles associated with non-AIDS-defining cancer risk in people with HIV: a case-cohort study
	1 Introduction
	2 Materials and methods
	2.1 Study design and participants
	2.2 Clinical data and samples
	2.3 Multiplex immunoassays
	2.4 Statistical analysis

	3 Results
	3.1 Individuals’ characteristics
	3.2 Biomarker levels and correlations
	3.3 Plasma biomarkers associated with incident NADCs
	3.4 Gender as an effect modifier of biomarker association with NADC risk

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


