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INTRODUCTION

The introduction of combination antiretroviral thera-
py (cART) in the treatment of HIV infection has con-
siderably decreased the AIDS-related morbidity and 
mortality, and transformed HIV infection into a 
chronic disease by reducing viremia to undetectable 
levels and increasing CD4+ T-cell counts in peripheral 
blood (Palella et al., 1998). However, 15-30% of 
cART-treated people living with HIV (PLWH) fail to 
achieve CD4+ T-cell count normalization despite com-
plete suppression of HIV replication (Autran et al., 
1999; Gazzola et al., 2009); these patients are referred 
to as “immunological non-responders” (INRs). INRs 
bear a dysfunctional immune phenotype, with in-
creased risk of morbidity and mortality for both AIDS 
and non-AIDS events (i.e. cardiovascular diseases, 
non-AIDS-related malignancies, and neurocognitive 
disorders) compared to HIV-infected individuals who 
have achieved a complete immune reconstitution (full 
responders, FR) (Lapadula et al., 2013).
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DEFINITION OF IMMUNOLOGICAL 
NON-RESPONDER (INR)

A unique definition of INR is currently unavailable. 
Over the years, INRs have generally been described 
as subjects who did not reach pre-defined CD4+ lym-
phocyte counts (i.e. 200, 250, 350, 400, or 500/μL) 
despite full viral suppression on cART (Yang et al., al. 
2020). Precisely because of the absence of an unam-
biguous definition, a recent systematic review at-
tempted to group together the major terms and crite-
ria used in the literature to define the INR condition 
(Rb-Silva et al., 2019). Some studies identified INRs 
as those with a scarce increase in CD4+ T-cell counts 
from baseline, i.e. <50/μL, <100/μL or <400/μL. In 
contrast, an appropriate immune response to cART 
is characterized by CD4+ T-cell counts >500 cells/μL, 
because the morbidity and mortality rate of these in-
dividuals has been found comparable to that of 
HIV-negative ones (Kaufmann et al., 2005, Lewden et 
al., 2007, Kroeze et al., 2018). The Department of 
Health and Human Services (DHHS) attributed a 
more precise definition of INRs by considering those 
individuals with CD4+ T-cell counts between 350 and 
500 cells/μL after 4-7 years of effective ART, given re-
cent data linking these immunological thresholds 
with the risk of non-AIDS clinical events.
To date, CD4+ T-cell count is considered the most reli-
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SUMMARY

The introduction of cART in the treatment of HIV infection has significantly decreased morbidity 
and mortality by inducing suppression of viral replication and recovery of CD4+ T-cell counts. How-
ever, about 30% of HIV-infected individuals fail to achieve normalization of CD4+ T-cell counts, de-
spite antiretroviral therapy and complete suppression of the HIV load: these patients are referred to 
as “immunological non-responders”. Several studies have shown an increased risk of clinical pro-
gression to both AIDS and non-AIDS events as well as a higher mortality in these patients. The 
pathogenetic factors underlying this condition are multiple and none of these alone can exhaustive-
ly explain the mechanism of incomplete immune reconstitution. In light of this, the purpose of the 
present review is to:
i) describe in detail the pathogenetic mechanisms that contribute to scarce immune recovery;
ii) discuss the higher morbidity and mortality which feature such a condition;
iii) take stock of therapeutic strategies used in recent years for these patients.
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able predictor of immune recovery in HIV infection, 
but, more recently, the CD4/CD8 ratio has also been 
described to potentially have a predictive role in im-
mune reconstitution (Serrano-Villar et al., 2014).

REVIEW AIM 

Several pathogenetic conditions have been associat-
ed with an impaired immune reconstitution in PLWH 
during virologically-effective cART. Yet, none of these 
factors alone can exhaustively explain the mecha-
nism underlying such a condition, which is most 
likely multifactorial.
CD4+ T-cell nadir, i.e. the lowest CD4+ T-cell count 
value in the natural history of HIV infection, is the 
factor most strongly associated with the INR condi-
tion (Marchetti et al., 2006). However, other immu-
nopathogenetic mechanisms have been described to 
date: reduced haematopoiesis in bone marrow and 
T-cell development in thymus; persistently low viral 

replication both in the periphery and in lymphoid or-
gans; perturbations in cytokines secretion; aberrant 
immune activation, T-cell exhaustion and senes-
cence; mitochondrial and metabolic dysfunction; gut 
mucosa structural and immunological disruption, 
microbial translocation and gut dysbiosis; genetic 
features; coinfections (Figure 1).
In addition to the increased risk of mortality, a high-
er burden of cardiovascular, hepatic and renal dis-
eases has been reported in these subjects.
Hence, the purpose of the present review is to:
1) discuss in detail the main pathogenetic mecha-

nisms described as contributors of the incomplete 
immune reconstitution in HIV-infected individu-
als;

2) identify the major clinical risks which feature 
such a condition;

3) describe the results of both clinical trials and ob-
servational studies aiming to enhance CD4+ T-cell 
recovery in INRs.

Figure 1 - Underlying pathogenetic mechanisms of incomplete immune reconstitution in immunological non-re-
sponders. The main pathogenetic mechanisms contributing to inadequate immune reconstitution in HIV-infect-
ed individuals: bone marrow and hematopoietic progenitor cells (HPCs) depletion, thymus impairments, mito-
chondrial dysfunction, CD4+ T-cell hyperactivation, T-cell exhaustion, coinfections, microbial translocation, gut 
dysbiosis and lymphoid tissue fibrosis. Created with BioRender.com.
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PATHOGENETIC MECHANISMS

Bone marrow alterations
T-cells originate from bone marrow CD34+ haemato-
poietic progenitor cells (HPCs) and haematopoietic 
stem cells (HSCs), with subsequent development and 
maturation in the thymus (Spits et al., 1998). Bone 
marrow (Tripathi et al., 2005) and HPCs (Guo et al., 
2016) alterations have been shown to feature HIV in-
fection. Indeed, HIV infection impairs haematopoie-
sis through a depletion of progenitor cells at the 
thymic and/or pre-thymic stage (Jenkins et al., 1998). 
Furthermore, a percentage of HPCs expresses the 
HIV co-receptors CXCR4 and CCR5, making them 
potentially susceptible to HIV infection (Alexaki and 
Wigdahl, 2008). The typical lymphopenia of HIV-in-
fected subjects mainly described for T-cells also oc-
curs for natural killer (NK) cells and B cells (Moir et 
al., 2008). Lymphopenia may also be caused by fac-
tors upstream of lymphocyte development in addi-
tion to reduced thymic output. Moreover, in INR 
subjects an altered cytokine production in bone mar-
row and the altered Fas pathway may determine 
stem cell apoptosis and low CD4+ T-cell recovery, 
leading to an impaired haematopoiesis as a contrib-
uting factor to poor immune reconstitution (Isgrò et 
al., 2008). Given the low accessibility of bone mar-
row samples, studies have thus far focused on the 
assessment of hematopoietic progenitor cells (HCPs) 
in peripheral blood, and have shown that HPCs de-
creased with disease progression and were associat-
ed with CD4+ T-cell counts, supporting the hypothe-
sis that bone marrow and progenitor cells are crucial 
in immune reconstitution (Sauce et al., 2011). Addi-
tionally, the capacity of CD34+ HPCs to differentiate 
into T-cells is significantly reduced in INRs as com-
pared to full responders and healthy controls, and 
may be related to the up-regulation of the ATP recep-
tor P2X7 on CD34+ HPCs; indeed, inhibition of the 
P2X7 pathway in vitro restores the potential of 
CD34+ HPC to differentiate into T-cells in INRs 
(Menkova-Garnier et al., 2016).
Altogether, these data indicate that altered clonogenic 
capacity and function of stromal cells (Isgrò et al., 
2005), impaired T-cell production (Tsukamoto, 2019), 
and fewer functional precursors are features of INRs’ 
bone marrow, suggesting that bone marrow dysfunc-
tion might contribute to scarce CD4+ T-cell recovery.

Thymic dysfunction
The thymus is the primary lymphoid organ produc-
ing new T lymphocytes and providing a specialized 
microenvironment for T-cell receptor (TCR) develop-
ment, leading to the production of CD4+ T-cells with 
full immunologic repertoire (Kolte et al., 2002). In-
terestingly, magnetic resonance studies carried out 
in vertically HIV-infected individuals have demon-
strated that individuals with a large thymus have a 

better immune reconstitution and a broader immu-
nological repertoire than patients with a small thy-
mus (Viganò et al., 1999), in turn suggesting thymic 
size as marker of thymic function and thus CD4+ to-
tal and naïve T-cell counts (Li et al., 2011). Indeed, a 
reduced size of the thymus and low levels of thymo-
poietin, which is responsible for the maturation of T 
lymphocytes in the thymus, have been described in 
INRs, suggesting that the failure to increase in CD4+ 
T-cell counts in these subjects could be partially 
caused by a hypofunctional thymus (Marchetti et al., 
2006; Teixeira et al., 2001). Furthermore, it has been 
shown that, after cART initiation, the thymic output 
improves significantly in HIV-infected individuals, 
indicating that early cART initiation is essential for 
immune reconstitution (Castro et al., 2014).
Thymic function has further been estimated by cir-
culating levels of CD4+ T-cell receptor excision cir-
cles (TRECs), CD4+ phenotypically naïve cells, and 
CD4+ recent thymic emigrants (RTE), all of which 
have been shown significantly associated with thym-
ic volume in cART-experienced HIV-infected individ-
uals (Kolte et al., 2002). In INRs, the frequency of 
CD4+ RTE cells (CD45RA+CD31+) and CD4+ naïve 
cells were lower than in immunological responders 
(IRs) and healthy controls, altogether confirming 
that reduced thymic output may be one of the major 
mechanism of incomplete immune reconstitution 
(Li et al., 2011; Carvalho-Silva et al., 2020). However, 
opposite findings stem from other studies failing to 
demonstrate reduced CD31+ RTE frequency in INRs 
(Cobos Jiménez et al., 2016; Delobel et al., 2006), sug-
gesting that reduced thymic output may not uniquely 
support the loss of CD4+ T-cells.
Altogether, given that a functional thymus is crucial 
for the maintenance of T-cells homeostasis, it seems 
clear from literature that its role is paramount in the 
achievement of optimal immune reconstitution in 
HIV-infected individuals.

Cytokines dysregulation
Dysregulation of both pro- and anti-inflammatory 
cytokine production contributes to the immune im-
pairment associated with disease progression to 
AIDS (Osuji et al., 2018). Interleukin 7 (IL-7), which 
is mainly produced by thymic and bone marrow stro-
mal cells, is a pivotal modulator of peripheral T-cell 
homeostasis through the interaction with IL-7 recep-
tor (IL-7R or CD127), and its production is increased 
in conditions of T-lymphopenia as a compensatory 
mechanism.
Many studies have shown that HIV-infected individ-
uals feature high plasma IL-7 and reduced IL-7R cel-
lular expression compared to healthy controls (Rethi 
et al., 2005), consistent with the need to counteract 
the CD4+ T-cells lymphopenia by increasing IL-7 
production/release with a consequent IL-7R T-cell 
downregulation. Along this line, several studies have 
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investigated the IL7/IL-7R axis in INRs: interestingly, 
while some authors have demonstrated a reduction 
in both naïve and thymic CD4+ T-cells associated 
with reduced expression of IL-7R and increased se-
rum levels of IL-7 (Marziali et al., 2006), other stud-
ies have shown that plasma levels of IL-7 in INRs are 
comparable to those in patients with a full immune 
response indicating maintenance of the IL-7 com-
pensatory loop (Marchetti et al., 2006; Marziali et al., 
2006). Furthermore, aiming to a deeper insight into 
the functional profile of the IL7/IL-7R axis, our group 
has also demonstrated that, together with decreased 
IL7R expression both on CD4+ and CD8+ T-cells, 
INRs also feature heightened IL-7/IL-7R expression 
in the bone marrow but impaired T-cell responsive-
ness to ex vivo IL-7 challenge, altogether suggesting 
the activity of a central compensatory pathway tar-
geted to replenish the CD4+ T-cell compartment, 
which is nevertheless inappropriate to compensate 
the dysfunctional signaling through IL-7 receptor 
(Bellistrì et al., 2010).
Taken together, while the bulk of literature data 
clearly point to a disrupted IL-7/IL-7R pathway as 
correlate of the poor immune recovery of treated 
PLWH, additional studies to better understand the 
role of IL-7 signalling in INRs are needed, to better 
inform the possible place of IL-7-based adjuvant 
therapies, that will be discussed later in the present 
review (Fry and Mackall 2005).
Similarly to IL-7, interleukin 2 (IL-2) and interleukin 
15 (IL-15) are central regulators of T-cell prolifera-
tion, activation, and differentiation (Leone et al., 
2009). The production of both IL-2 and IL-15 is in-
deed compromised in HIV-infected individuals (Ah-
mad et al., 2005). Generally, HIV-specific CD4+ T-cells 
producing IL-2 are decreased in HIV progressors but 
increase with treatment. However, the production of 
IL-2 in blood from INRs, measured by stimulating 
whole blood with phytohemagglutinin (PHA) for 24 
h and collecting the supernatant, has been shown to 
be decreased compared to HIV-infected individuals 
with higher CD4+ T-cell counts suggesting that low 
production of IL-2 may contribute to the impaired 
CD4+ recovery (Erikstrup et al., 2010).

Persistent immune hyperactivation,  
T-cell exhaustion and senescence
HIV infection triggers a state of exaggerated immune 
activation and inflammation caused mainly but not 
exclusively by virus replication, that has been proven 
to be independently associated to increased mortali-
ty, and that is only partially recovered by cART (Deeks 
et al., 2004; Giorgi et al., 1999). Despite the complete 
suppression of HIV replication, INRs maintain a 
CD4+ T-cell hyperactivation comparable to that ob-
served in patients who have not entirely achieved vi-
ral suppression, suggesting a role of T-cell hyperacti-
vation in the pathogenesis of incomplete immune 

reconstitution (Marchetti et al., 2010). Overall, im-
mune hyperactivation is characterized by an activat-
ed phenotype of both innate and adaptive immune 
cells, together with the secretion of pro-inflammato-
ry mediators. Indeed, increased circulating pro-in-
flammatory cytokines, and specifically TNF-α, IL-1α 
and IP-10 have been observed in INRs with very low 
CD4+ T-cell counts (Hunt et al., 2003; Vajpayee et al., 
2009; Zhang et al., 2013).
Because heightened T-cell activation ultimately 
translates into cell loss by apoptosis, and several 
studies have shown an increased rate of spontaneous 
CD4+ T-cell apoptosis in INRs (Marchetti et al., 2006; 
Negredo et al., 2010; Hansjee et al., 2004), it may be 
inferred that T-cell hyperactivation causes incom-
plete immune recovery by inducing apoptosis of 
CD4+ T-cells. Furthermore, studies on NK cells have 
shown the ability of this cell population to induce 
death of uninfected CD4+ T-cells via cytotoxic effects 
in INRs, suggesting a role of such subset in unsatis-
factory CD4+ T-cell recovery (Luo et al., 2017). Addi-
tionally, the NLRP3 inflammasome and the caspase-1 
have been found up-regulated in INRs, suggesting 
that the NLRP3-mediated activation of caspase-1 
could induce CD4+ T-cell loss via persistent immune 
activation and pyroptosis, resulting in incomplete 
CD4+ T-cell recovery (Bandera et al., 2018).
An adequate T-cell response is essential in the adap-
tive immune-mediated elimination of pathogen-in-
fected cells. However, in chronic infections, persis-
tent exposure of T-cells to a high antigenic burden 
results in a T-cell dysfunctional state called exhaus-
tion. T-cell exhaustion leads to a suboptimal im-
mune-mediated control of multiple viral infections 
including HIV (Fenwick et al., 2019).
A recent study assessed T-cell senescence and ex-
haustion in HIV-infected INRs and their possible as-
sociation with soluble immune mediators. When 
compared to patients with full immunologic recov-
ery, INRs showed higher proportions of exhausted 
(PD-1+ and/or TIGIT+) and senescent (CD57+) CD4+ 
and CD8+ memory T-cells, as well as elevated mark-
ers of inflammation, e.g. IP-10 and IL-6, which posi-
tively correlate with markers of exhaustion and se-
nescence. On the other hand, a contraction of plas-
matic TGF-β levels and CD4+Ki-67+ proliferating 
Treg was described in INRs, indicating that T-cell 
exhaustion/senescence, impaired Treg functionality 
and low TGF-β levels contribute to scarce CD4+ 
T-cell recovery (Shive et al., 2021).
Moreover, an increased expression of apoptosis and 
immune senescence markers, i.e. CD95 and CD57, 
was associated with lower numbers of CD4+ recent 
thymic emigrants in HIV-infected individuals follow-
ing antiretroviral treatment, pointing to a role of ap-
optosis and immune senescence in reducing thymic 
output thus contributing to incomplete immune re-
constitution (Lu et al., 2014).
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In agreement with these data, another study showed 
that INRs had a higher percentage of proliferating Ki-
67+ and exhausted PD-1+ central memory CD4+ 
T-cells than IRs, which was negatively correlated with 
the CD4+ T-cell counts. The true cause for the Ki-67 
up-regulation in INRs is not clear, but it has been sug-
gested that homeostatic proliferation – somehow con-
nected to the functional T-cell exhaustion – could be 
one of the involved factors (Saidakova et al., 2018; Lu 
et al., 2014).
By evidently supporting heightened immune activa-
tion, senescence and exhaustion as features of INRs, 
these data suggest that interventions aimed at reduc-
ing immune activation might substantially impact 
on peripheral T-lymphocyte homeostasis and could 
therefore be included as part of therapeutic strate-
gies to support CD4+ T-cell recovery in INRs.

Mitochondrial and metabolic dysfunction 
T-cell proliferation is influenced by the cellular meta-
bolic pathways, such as glycolysis and mitochondrial 
respiration. Glycolysis provides metabolic substrates 
indispensable for biosynthesis of lipids, amino acids, 
and nucleotides (Donnelly and Finlay, 2015), where-
as mitochondrial respiration provide energy as well 
as precursors for proteins, fatty acids and nucleo-
tides synthesis (Diebold and Chandel, 2016). Impair-
ment of glycolysis or mitochondrial respiration is 
known to induce CD4+ T-cell cycle arrest (Cao et al., 
2014). Several studies showed a mitochondrial dys-
function of CD4+ T-cells in cART-treated HIV-infect-
ed individuals, especially in INRs. Indeed, a reduced 
glycolytic activity of memory CD4+ T-cells accompa-
nied by a significant decrease in mitochondrial respi-
ration has been described in INRs compared to IRs 
or healthy controls. Additionally, the expression of 
genes involved in energy metabolism, including 
those encoding complexes of the respiratory chain 
and enzymes of the tricarboxylic acid cycle, was 
markedly downregulated in INRs. Therefore, given 
that activated/cyclic memory CD4+ T-cells derived 
from INRs are incapable of productive proliferation 
in vitro, it can be supposed that in INRs the low re-
generative capacity of memory CD4+ T-cells, that in 
turns can lead to immune recovery failure, may be 
associated with altered glycolytic and respiratory ac-
tivity (Vlasova et al., 2021). Similarly, another study 
revealed a contraction of the total CD4+ T-cell popu-
lation with a significant expansion of their cycling 
subsets and dysregulation of mitochondrial func-
tions in INRs. Specifically, the expression of the mas-
ter regulator of mitochondrial functions (i.e. mtTFA) 
was remarkably downregulated in CD4+ T-cells of 
INRs, leading to compromised mitochondrial func-
tions and aberrant CD4+ T-cell homeostasis; thus, 
the restoration of the mtTFA pathway could improve 
CD4+ T-cell homeostasis and competency in cART 
treated HIV-infected individuals, and thus may pre-

vent premature immune aging (Zhao et al., 2021).
Other metabolic pathways may play a role in incom-
plete immune recovery. Recent evidence demonstrat-
ed that various circulating metabolites, such as ser-
ine and polysaccharides, could affect the prolifera-
tion and immune function of CD4+ T-cells (Boatman 
et al., 2019). High levels of lipid metabolites, includ-
ing myristoylcarnitine (MC), palmitoylcarnitine (PC), 
stearoylcarnitine (SC), and oleoylcarnitine (OC) were 
significantly elevated in INRs compared to IRs and 
were negatively associated with CD4+ T-cell count. A 
survival analysis also indicated that the combination 
of these four metabolites could predict immune re-
covery during long term cART (Qian et al., 2021).
Furthermore, a higher baseline body mass index 
(BMI) was associated with increased immune recon-
stitution in HIV-infected individuals on suppressive 
cART (Koethe et al., 2016; Li et al., 2019), suggesting 
that adipose tissue may somehow affect peripheral 
CD4+ T-cell recovery.
Additionally, glucose metabolism plays a vital role in 
supporting the growth, proliferation, and effector 
functions of T-cells. Glucose transporter-1 (GLUT1), 
the main glucose transporter in T-cells, is also used 
as a marker of glycolysis activation. The percentage 
of circulating GLUT1+ CD4+ T-cells was significantly 
elevated in HIV-infected individuals, and correlated 
positively with the percentage of activated CD4+ 
T-cells and inversely with the absolute CD4+ T-cell 
count (Palmer et al., 2014).
Finally, vitamin D is a key regulator of host defence 
against infections by activating pathways that en-
hance innate and adaptive immunity (Jiménez-Sou-
sa et al., 2018). Vitamin D deficiency in HIV-infected 
individuals was associated with diminished CD4+ 
T-cell recovery after cART initiation (Ezeamama et 
al., 2016; Shivakoti et al., 2019). Indeed, vitamin D 
has been described to reduce inflammation and T-cell 
activation, restrain HIV infection in T-cells, and 
stimulate the proliferation of CD4+ T-cells induced 
by APCs (Aguilar-Jimenez et al. 2016).

HIV reservoirs
Despite successful inhibition of HIV replication, 
cART cannot entirely eradicate HIV, which persist in 
diverse cellular and anatomical reservoirs.
To investigate the possible association between CD4+ 
T-cell reconstitution and HIV reservoir, a study de-
scribed the comparative quantification of the frequen-
cy of total, memory and naive CD4+ T-cells carrying 
intracellular HIV-DNA in INRs, virologic non-re-
sponders (VNRs) and full responders (FRs). Despite 
full HIV viremia suppression, INRs displayed a signif-
icant trend towards higher HIV proviral DNA levels in 
total, memory and naïve CD4+ T-cells versus FRs and 
VNRs, suggesting a role of persistent cellular HIV res-
ervoir in the failure to fully recover CD4+ T-cells (Mar-
chetti et al., 2006). Another study analysed the dynam-
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ics of viral reservoir decay and recovery of naïve CD4+ 
T-cells in INRs and FRs during long-term cART and 
showed significantly higher viral reservoir and lower 
CD4+ naïve T-cell in INRs, whereas the rates of reser-
voir decay and percent growth of naïve CD4+ T-cells 
within INRs were not lower than those of FRs over 
time (Zhang et al., 2021).
Questions have been raised as to whether CD8+ T-cell 
counts influence HIV reservoir and CD4+ T-cell res-
toration in HIV+ patients with good CD4+ recovery 
on long-term cART. After stratification of patients 
with CD4+ T-cell counts ≥500 cells/μL according to 
CD8+ T-cell counts, i.e. CD8 <500/μL, 500-1,000/μL 
and ≥1,000 cells/μL, both viral decay and CD4+ T-cell 
recovery were higher in the group with CD8+ T-cell 
≥1,000 cells/μL. These individuals also showed high-
er levels of Ki-67, lower levels of PD-1, and showed 
greater functional capacity of CD8+ T-cells. Further-
more, reduced HIV-DNA levels and increased CD4+ 
T-cell counts between years 3 and 5 of cART were 
positively correlated with CD8+ T-cell counts and 
function suggesting that high CD8+ T-cell counts are 
beneficial for persistent viral decay and CD4+ T-cell 
recovery in immune restored patients during long-
term cART (Zhang et al., 2020).
Therefore, persistent HIV replication in cellular res-
ervoirs in the course of cART stands as an important 
aspect affecting the incomplete immune CD4+ T-cell 
reconstitution.

Lymphoid tissue fibrosis
The lymphatic tissue niche is essential to maintain ho-
meostasis of CD4+ T-cells, therefore impairment of 
such district may influence CD4+ T-cell reconstitution.
Pathological changes related to inflammation and fi-
brotic processes in lymph nodes of HIV-infected in-
dividuals have been described. A persistent viral rep-
lication and deposition of virus onto the follicular 
dendritic cells structures correlated with the destruc-
tion of the lymphatic tissue. In particular, a progres-
sive deposition of collagen into the paracortical T-cell 
zone of secondary lymph nodes and follicular aggre-
gates was shown (Schacker et al., 2005, Schacker et 
al., 2002, Schacker et al., 2006). Additionally, a rela-
tionship between the size of the CD4+ T-cell popula-
tion and the amount of fibrosis was described. In-
deed, to a greater amount of collagen, measured in 
the paracortical T-cell zone, corresponded fewer 
numbers of total CD4+ T-cells and naïve CD4+ T-cells 
(Schacker et al. 2005; Schacker et al., 2006). This 
could be firstly explained by the deposition of colla-
gen which disrupts migration and access of CD4+ 
T-cells to cytokines such as IL-7 that are critical for 
their survival and proliferation (Cavert et al., 1997; 
Zhang et al., 1998). Secondly, collagen deposition 
and lymphatic tissue scarring could physically limit 
the space or ‘niche’ that T-cells could occupy result-
ing in a reduction of CD4+ T-cells.

Furthermore, a recent study also confirmed that cir-
culating markers of fibrosis are associated with im-
mune reconstitution status. Indeed, higher plasma 
levels of hyaluronic acid and lower concentrations of 
CXCL4 were described in HIV-infected individuals 
with failure of immune reconstitution on cART (To-
bolowsky et al., 2018).
Therefore, collagen deposition in lymphatic tissues 
could partially explain the limited reconstitution of 
naïve and memory CD4+ T-cell populations in the 
backdrop of a successful viral replication suppres-
sion upon cART.

Gut mucosa structural and immunological 
disruption, microbial translocation and gut 
dysbiosis
Since the earliest stages, HIV-1 infection is charac-
terized by a profound architectural disruption of the 
gut epithelial barrier with villous atrophy, crypt hy-
perplasia, enterocyte apoptosis, and decreased ex-
pression of tight junctions proteins, which result in 
increased intestinal permeability, with subsequent 
microbial translocation, i.e. leakage of intestinal mi-
crobes (bacteria and fungi) as well as their products 
from the gut to the systemic circulation, thus con-
tributing to enduring immune activation and inflam-
mation despite effective cART (Mudd and Brenchley, 
2016; Tincati et al., 2016; Brenchley et al., 2006; Ra-
mendra et al., 2019; Mehraj et al., 2020). Such struc-
tural alterations are mainly sustained by the 
HIV-driven depletion of Th17 and Th22 subsets of 
CD4+ T-cells within the intestinal mucosa, which are 
involved in maintaining the gut barrier homeostasis, 
inducing tight junctions protein expression, regulat-
ing cell cycling, and stimulating secretion of antimi-
crobial peptides and mucus (Klatt et al., 2012; Mudd 
and Brenchley; 2016, Tincati et al., 2016; Eyerich, 
Dimartino and Cavani, 2017). Furthermore, HIV in-
fection is characterized by dramatic changes of the 
intestinal microbiota, i.e. gut dysbiosis, with overall 
decrease in bacterial diversity, depletion of protec-
tive microbes and enrichment of pathogenic pro-in-
flammatory bacteria, which are not fully reverted by 
effective cART and have been described to exacer-
bate gut barrier damage and contribute to persistent 
immune activation, systemic inflammation, and, in 
turn, non-AIDS comorbidities and mortality (Vujk-
ovic-Cvijin and Somsouk, 2019, Neff et al., 2018; Vu-
jkovic-Cvijin et al., 2020; Ancona et al., 2021).
Such alterations within the gut have been shown to 
somehow influence the CD4+ T-cell recovery in 
PLWH during virologically-effective cART and will 
be discussed below.

Gut mucosa structural and immunological 
disruption
Disruption of the gut epithelial barrier has been de-
scribed as a potential factor contributing to scarce 
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immune reconstitution in INRs (Lorvik et al., 2021; 
Meyer-Myklestad et al., 2022; Tincati et al., 2016).
It has been reported in a recent study that, compared 
to immunological responders (IRs), INRs have high-
er levels of enterocyte damage (plasma I-FABP and 
REG3α) as well as fewer mucosal CD4+ T-cells and 
higher levels of mucosal CD8 T-cells activation with-
in the sigmoid colon but not in terminal ileum. Sur-
prisingly, augmented frequencies of IL-17+ and IL-
22+ mucosal CD4+ T-cells were observed in INRs as 
compared to IRs, yet within INRs, IL-17+ and IL-22+ 
CD4+ T-cells are lower in those with the highest level 
of enterocyte damage, indicating that Th17 and Th22 
cells are crucial for maintaining a healthy gut barri-
er. However, no differences in gut mucosa-adherent 
and fecal microbiota were registered between the 
two groups. Furthermore, markers of systemic in-
flammation, T-cell activation and microbial translo-
cation did not appear to be higher in INRs. These 
findings suggest that gut epithelial damage and co-
lon-restricted mucosal immune disfunction – related 
to IL-17 – and IL-22 – producing CD4+ T-cells – play 
a role for insufficient immune reconstitution in HIV 
infection, independent of gut microbiota and micro-
bial translocation (Meyer-Myklestad et al., 2022a).
Furthermore, HIV-infected individuals with incom-
plete CD4+ T-cell restoration are characterized by 
lower expression and defective distribution of junc-
tional complex proteins (cadherin-1, zonula oc-
cludens-1, and claudin-1) within the colon epitheli-
um – which correlate positively with markers of pe-
ripheral CD4+ T-cells reconstitution and negatively 
with markers of immune activation – as well as dilat-
ed colonic intercellular spaces (Tincati et al., 2016). A 
negative correlation between the size of HIV reser-
voir in intestinal tissues and immune recovery has 
been also described (Tincati et al., 2016).
Additionally, INRs feature increased levels of apopto-
sis and higher neutrophil infiltration (a tissue marker 
for gastrointestinal barrier damage) in colon muco-
sa, but inappropriately low crypt epithelial prolifera-
tion, suggesting a reduced mucosal reparative activi-
ty in these individuals (Somsouk et al., 2015).
Enhanced intestinal homing of CD4+ T-cells have 
been also reported to participate to the low immune 
reconstitution observed in INRs (Lorvik et al., 2021; 
Girard et al., 2016; Rousseau et al., 2021; Rosa-
do-Sánchez et al., 2018). Gut-homing markers (α4β7/
CCR9) – expressing CD4+ T-cells (that are mainly 
Th17 cells) are increased in peripheral blood but de-
creased in rectal mucosa of INRs as compared to 
IRs, suggesting that, in an attempt to repair the CD4+ 
T-cells loss within the gut mucosa, a high proportion 
of peripheral CD4+ T-cells in INRs are recruited into 
the gut-associated lymphoid tissue (GALT), where, 
on the one hand, they are quickly depleted by HIV-1 
(potentially due to a maturation of the binding affin-
ity between α4β7 and viral gp120) thus hampering 

immune reconstitution, and, on the other hand, they 
contribute to the constitution of the mucosal HIV 
reservoir observed in INRs (as supported by the ob-
servation of a positive correlation between the ex-
pression of α4β7 on CD4+ T-cells and a higher pro-vi-
ral HIV load in gut mucosa) (Girard et al., 2016).
In contrast, others have found that α4β7+CCR9+ 
CD4+ T-cells may remain in the peripheral blood 
rather than homing to the gut, due to reduced gut 
mucosal expression of CCL25, the CCR9 ligand (Ma-
vigner et al., 2012). However, gut-homing of lympho-
cytes is not only driven by CCR9-CCL25 interaction, 
therefore the real impact of the lack of CCL25 in mu-
cosal homing alterations in HIV infection needs to be 
clarified.
Alterations of gut-homing as well as exhaustion of 
CD4+ T-cells have also been implicated in impair-
ment of gut immune and barrier functions associat-
ed with immunological non-response, as higher lev-
els of gut-homing CD4+ T-cells feature INRs and 
fractions of exhausted mucosal CD4+ T-cells posi-
tively correlate with soluble markers of enterocyte 
damage in such population (Lorvik et al., 2021).
Interestingly, the gut-homing imprinting of CD4+ 
T-cells has been described as a consequence of an in-
creased expression of α4β7 integrins induced by the 
so-called homeostatic proliferation (HP), which is a 
proliferation of pre-existing T-cells that occurs as a 
compensatory attempt in T-cell lymphopenia condi-
tions (Williams, Hakim and Gress, 2007; Min et al., 
2005). Thus, exacerbated peripheral homeostatic 
proliferation processes in PLWH with low CD4+ 
T-cells count may be the cause of the enhanced 
gut-homing of CD4+ T-cells in INRs (Rosado-Sánchez 
et al., 2018).
Additionally, the fractions of peripheral gut-homing 
CD4+ T-cells negatively correlate with the CD4/CD8 
ratio, reinforcing the concept that, even though in-
creased gut-homing may be a part of an homeostatic 
attempt to compensate the CD+4 T-cells loss within 
the gut mucosa, such an increased recruitment is not 
associated with favorable T-cell dynamics, so that 
high levels of T-cell gut-homing can be considered an 
unfavorable prognostic marker in PLWH (Lorvik et 
al., 2021, Girard et al., 2016).

Microbial translocation
The direct consequence of the structural and immu-
nologic disruption of gut mucosa in HIV-1 infection 
is microbial translocation, that has been described to 
play a role in inefficient CD4+ T-cell recovery despite 
effective cART by sustaining immune hyperactiva-
tion (Marchetti et al., 2008; Jiang et al., 2009; Merlini 
et al., 2011; Mehraj et al., 2020; Luo et al., 2022; Serpa 
et al., 2017; Valiathan and Asthana 2016; Lederman 
et al., 2011; Nganou-Makamdop et al., 2021).
Indeed, compared to full responders, INRs show 
heightened circulating lipopolysaccharide (LPS) and 
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plasma enterobacterial DNA fragments, which posi-
tively correlate with CD4+ and CD8 T-cells activa-
tion/turnover (Marchetti et al., 2008).
Another study found that plasma levels of bacterial 
16S rDNA, a marker of microbial translocation from 
the gastrointestinal tract, are higher in HIV-infected 
subjects as compared to healthy individuals and cor-
related with higher levels of LPS and T-cell activation 
as well as lower CD4+ T-cell restoration during cART 
(Jiang et al., 2009).
A sequencing analysis of the translocating microflora 
in peripheral blood of HIV-infected individuals with 
poor CD4+ T-cell recovery on virologically-suppres-
sive cART displayed a polymicrobic composition of 
the circulating bacterial microbiota, including En-
terobacterales, Lactobacillales, Pseudomonadales, 
Burkholderiales, and Bacillales. In particular, indi-
viduals with the lowest CD4+ T-cell counts showed 
lower frequencies of Lactobacillaceae and Pseu-
domonaceae, both prior and after therapy (Merlini et 
al., 2011).
A recent study showed that systemic translocated mi-
crobiome of INRs – who feature higher levels of mi-
crobial translocation (plasma LPS, total 16S rDNA, 
and sCD14) than IRs – is enriched in pro-inflamma-
tory bacterial strains, i.e. Burkholderia fungorum and 
Serratia marcescens, whose LPS lipid A is able to ac-
tivate monocytes to produce inflammatory cytokines/
chemokines and increase CD4+ T-cells apoptosis in 
vitro, due to its high TLR-4 agonism. On the contrary, 
the enriched plasma bacteria from IRs belongs to 
non-inflammatory bacterial strains, among which 
Phyllobacterium myrsinacearum which is less effi-
cient in stimulating TLR-4 and thus inducing inflam-
mation and T-cell apoptosis. Most importantly, this 
study demonstrated in vivo causality of microbi-
ome-blunted CD4+ T-cell recovery in HIV infection 
by means of intraperitoneal injection of B6 mice 
with the abovementioned heath-killed bacteria: ad-
ministration of B. fungorum and S. marcescens but 
not P. myrsinacearum resulted in cell apoptosis as 
well as impaired CD4+ T-cells function in mesenteric 
lymph nodes (Luo et al., 2022).
Interestingly, a further recent systems biology study 
displayed that dynamic changes in diversity and 
composition of translocated microbiome influence 
systemic inflammation and consequently CD4+ 
T-cells recovery during cART. In particular, in the 
early post-cART phase, plasma microbiome is char-
acterized by high Serratia abundance, which bursts 
innate immune responses with subsequent increase 
of pro-inflammatory cytokines (IL-1β, IL-6, and IL-8) 
that results in robust Th17 differentiation which in 
turn promotes improvement of gut barrier integrity 
and a first wave of CD4+ T-cell reconstitution over 
the first year of treatment. These latest events mean-
while exert control over the translocated microbial 
communities, with a reduction of Serratia abundance 

and increase of another Proteobacteria genus, Pseu-
domonas, as well as Actinobacteria, Bacteroidetes 
and Firmicutes, which elicit a cytokine and metabol-
ic milieu that promotes restoration of T-cell homeo-
stasis and Th1/Th2 differentiation with a consequent 
second wave of CD4+ T-cell recovery during the sec-
ond year of cART (Nganou-Makamdop et al., 2021).
Additionally, plasma levels of (1→3)-β-D-glucan, a 
component of fungal cell walls, are higher in PLWH 
despite effective cART and correlated positively with 
LPS, sCD14, I-FABP, as well as T-cells, monocyte and 
NK cells activation, yet inversely with CD4+ T-cells 
count. Such observations indicate that translocation 
of fungal products, besides bacterial ones, through-
out a damaged intestinal barrier into the blood-
stream contributes to systemic immune hyperactiva-
tion and thus scarce CD4+ T-cells recovery during 
cART (Mehraj et al., et al. 2020).
Of note, long-term use of proton pump inhibitors 
(PPIs) – which are known to predispose to gut bacte-
rial overgrowth and gastrointestinal infections (Wil-
liams and McColl, 2006; Dial et al., 2004) – has been 
reported to associate with increased microbial trans-
location, innate immune activation and poor im-
mune reconstitution in PLWH on effective cART, pos-
sibly due to an exacerbation of HIV-associated gut 
dysbiosis, suggesting a cautious use of PPIs in this 
population (Serpa et al., 2017).

Gut dysbiosis
Chronic HIV-1 infection features a well-established 
gut microbial dysbiosis, which is associated with en-
during immune activation as well as systemic inflam-
mation, and is not fully restored by virologically-ef-
fective cART (Vujkovic-Cvijin and Somsouk, 2019; 
Neff et al., 2018; Vujkovic-Cvijin et al., 2020; Ancona 
et al., 2021). Some peculiar gut bacterial profiles and 
metabolites have been described in individuals with 
poor CD4+ T-cell reconstitution, suggesting that gut 
microbiota may play a role in the immunologic out-
come of cART by influencing gut barrier function 
and immune activation (Pérez-Santiago et al., 2013; 
Lee et al., 2018; Xie et al., 2021; Lu et al., 2018; Lyu et 
al., 2021; Monaco et al., 2016; Imai et al., 2012; Serra-
no-Villar et al., 2016; Ferrari et al., 2022).
Increased proportions of gut Lactobacillales – which 
are known to modulate anti-inflammatory responses 
and improve gut health in different conditions 
(Servin, 2004; Nissen et al., 2009) – have been associ-
ated with lower levels of microbial translocation, less 
systemic immune activation and higher CD4+ T-cells 
reconstitution during effective cART (Pérez-Santiago 
et al., 2013; Lee et al., 2018). Short chain fatty acids 
(SCFA)-producing bacteria, such as Roseburia and 
Ruminococcaceae, which exert a beneficial effect on 
the intestinal barrier, have been also displayed to be 
associated with lower levels of plasma pro-inflamma-
tory cytokines and higher peripheral CD4+ T-cells 



Incomplete Immune Reconstitution in HIV Infection 163

counts (Xie et al., 2021; Lu e et al., 2018). Likewise, 
gut lactate-producing bacteria, including Streptococ-
cus infantis, Gemella spp. and Granulicatella spp., 
promote CD4+ T-cells recovery in cART-treated 
PLWH, as also supported by experiments using a 
germ-free mouse model of antibody-induced CD4+ 
T-cell depletion, that showed a strong recovery of 
CD4+ T-cells after the supplementation with a lac-
tate-producing commensal, Streptococcus thermo-
philus (Lyu et al., 2021).
On the contrary, low peripheral CD4+ T-cells counts 
have been linked to reduced richness and diversity of 
gut microbiome, increases in gut Enterobacteriaceae 
(mainly Shigella), decrease in Ruminococcus abun-
dance, and expansion of enteric Adenoviridae se-
quences, possibly contributing to HIV-associated en-
teropathy with consequent microbial translocation 
and chronic immune activation (Monaco et al., 2016; 
Lu et al., 2018). Gut microbiota of INRs is also en-
riched with Faecalibacterium prausnitzii, Subdol-
igranulum spp. and Coprococcus comes, with the lat-
ter two positively correlated with CD8 T-cells activa-
tion (Lu et al., et al. 2018; Lyu et al., 2021).
Furthermore, Fusobacterium has been described to 
be enriched in gut microbiota of INRs (Lee et al., 
2018; Xie et al., 2021) and associated with higher mi-
crobial translocation and inflammation (Xie et al., 
2021) as well as poor CD4+ T-cell recovery following 
cART (Lee et al., 2018; Xie et al., 2021). Interestingly, 
mechanistic studies showed that Fusobacterium, 
which is a butyric acid-producing bacteria, strongly 
inhibits histone deacetylases (HDAC) with the poten-
tial to reactivate HIV from latently infected cells in 
vivo (Imai et al., 2012), suggesting that enrichment of 
these bacteria in the gut may contribute to HIV reac-
tivation in latently infected cells in GALT, further 
compromising the integrity of gut mucosal barrier, 
thus fueling microbial translocation, immune activa-
tion and, in turn, CD4+ T-cell recovery.
A recent study proposed a direct mechanism of how 
the bacterial dysbiosis affect CD4+ T-cell homeosta-
sis in INRs. Memory CD4+ T-cells and plasma of 
INRs are enriched in gut-derived bacterial toxins, 
namely p-cresol sulfate (PCS) and indoxyl sulfate 
(IS), that are correlated positively with markers of 
gut epithelial barrier damage (I-FABP) as well as sys-
temic inflammation (IL-6 and IP-10), and negatively 
with CD4+ T-cell counts. Furthermore, fecal microbi-
ota of INRs was found depleted in saccharolytic bac-
teria and enriched in proteolytic bacterial genera (Bi-
fidobacterium, Ruminococcus, Lactobacillus) that 
metabolize tyrosine and phenylalanine to produce 
PCS. In addition, treatment of PBMC from healthy 
individuals with PCS or IS blocks cell proliferation, 
induces apoptosis, and reduces mitochondrial pro-
tein expression and fitness in memory CD4+ T-cells, 
similarly to that found in INRs. Taken together, these 
data suggest that gut dysbiosis with enrichment in 

proteolytic bacteria is responsible for the production 
of bacterial toxins (PCS and IS), which, as a conse-
quence of gut epithelial damage, can translocate to 
the bloodstream and thus fuel systemic inflamma-
tion and modulate CD4+ T-cell homeostasis by im-
pairing mitochondrial function and blocking cell 
proliferation of memory CD4+ T-cells (Ferrari et al., 
2022).

Genetic factors
Genetic polymorphisms involved in CD4+ T-cell ho-
meostasis could impair immune recovery during 
suppressive cART. A previous study identified 41 
genes harbouring variations that were independently 
predictive of CD4+ T-cell recovery; most of these 
genes were associated with the cell cycle, apoptosis, 
lymphocyte migration, or CD4+ T-cell homeostasis 
(Greenblatt et al., 2019). It has also been described a 
significant association between CD4+ T-cell recovery 
and polymorphisms in genes encoding TNF-related 
apoptosis-induced ligand (TRAIL), TNF-α, and IL-
15/IL-15R (Haas et al., 2006). Moreover, HLA-A68 
and HLA-B15 alleles (El-Beeli et al., 2016), HLA-Bw4 
homozygosity (Rauch et al. 2008), killer immuno-
globulin-like receptors (KIR) and their ligands class I 
human leukocyte antigen (HLA) polymorphisms (So-
ria et al., 2011), genetic variations in CCR2, CXCL12 
(Restrepo et al., 2019), IFNγ and IL19 (García et al., 
2019) were associated with an impaired CD4+ T-cell 
recovery.
Finally, HIV resistance mutations could be involved 
in impairment of CD4+ T-cell recovery during cART. 
Indeed, a significant correlation between resistance 
mutations and impaired CD4+ T-cell recovery was 
found six months after the initiation of antiretroviral 
treatment.
In conclusion, different genetic variations and resist-
ance mutations may hinder full immune recovery 
during antiretroviral therapy.

Coinfections
HIV infection is associated with a higher risk of in-
fections with other pathogens, some of which share 
the same transmission pathways and can result in 
chronic infections. 
Several studies showed that hepatitis B virus (HBV) 
(van Griensven et al., 2014; Anderson et al., 2016), 
hepatitis C virus (HCV) (Marcus et al., 2015; Chen et 
al., 2016) and Cytomegalovirus (CMV) coinfections 
(Appay et al., 2011; Gómez-Mora et al., 2017) were 
associated with poor CD4+ T-cell immune recovery 
in HIV-infected individuals on cART. In particular, 
HIV-HCV coinfected individuals with persistent HCV 
RNAemia showed an average seven-times slower re-
covery of CD4+ T-cells on cART compared with indi-
viduals with cleared HCV RNAemia, suggesting that 
active HCV infection affects immune restoration 
(Potter et al., 2010). Another study confirmed that 



V. Bono, M. Augello, C. Tincati, et al.164

CD4+ T-cell recovery was lower in both HBV and 
HCV co-infected PLWH undergoing cART (van 
Griensven et al., 2014).
The destruction of CD4+ T-cells by coinfection-medi-
ated CD4+ T-cell activation, apoptosis, or exhaustion 
could partially explain the impaired immunological 
recovery in HIV-infected individuals coinfected with 
HBV, HCV, or CMV.
Conversely, other studies did not show any associa-
tion between HBV (Hamers et al., 2013), HCV (Peters 
et al., 2009) or CMV (Kapetanovic et al., 2015) coin-
fection and immunological recovery.

CLINICAL RISK OF INRS

The definition of INR has evolved over time and, as 
previously discussed, no clear-cut definition of poor 
immunological response exists, to date, in the litera-
ture (Yang et al., 2020). Additionally, in recent years, 
a low CD4/CD8 T-cell ratio has emerged as marker of 
poor immune recovery and dysfunction (Serrano-Vil-
lar et al., 2014), which is linked to clinical progres-
sion (Mussini et al., 2015, Novak et al., 2022; Castilho 
et al., 2019). This has further complicated the defini-
tion of INR, given the majority of HIV-infected sub-
jects on cART fail to restore the CD4/CD8 T-cell ratio 
and no precise threshold value is available for this 
marker. Similarly, the clinical outcome in this popu-
lation has been differentially assessed in the course 
of the years. Thus, even though the clinical risk of 
INR is intrinsically related to their current CD4+ 
T-cell count, the clinical manifestations in individu-
als with poor CD4+ T-cell gain is multifaceted.
Older studies invariably reported the increased risk 
of AIDS-defining events in subjects with CD4+ T-cell 
counts below 200/mL (Young et al., 2012; Baker et al., 
2008). A recent paper, however, demonstrated a low 
risk of Pneumocystis jirovecii pneumonia in individu-
als with CD4+ T-cell counts of 100 to 200/mL and sup-
pressed viremia, yet not in those with detectable 
HIV-RNA levels (Atkinson et al., 2021), thus suggest-
ing that viremia is an important driver of clinical 
events in this population. Along these lines, as exten-
sively discussed above, evidence accumulated over 
the years on the possible role of viremia, both detect-
able and low-level, as a cofactor driving inflamma-
tion in HIV-infected cART-treated subjects (El-Sadr 
et al., 2006; Elvstam et al., 2021), thus posing them at 
risk of developing AIDS and non-AIDS conditions 
(Sandler et al., 2011; Merlini et al., 2021).
Indeed, in the late cART era, the clinical progression 
of INR was further assessed through the develop-
ment of non-communicable diseases. Currently, a 
solid bulk of evidence exists in the literature on the 
increased burden of cardiovascular (Helleberg et al., 
2013; Lapadula et al., 2013), hepatic (Lapadula et al., 
2013; Lapadula et al., 2015) and renal (Lapadula et 
al., 2013; Lapadula et al., 2015) events as well as can-

cer (Helleberg et al., 2013; Lapadula et al., 2013; Lap-
adula et al., 2015) and death (Helleberg et al., 2013; 
Lapadula et al., 2013; van Lelyveld et al., 2012; Eng-
sig et al., 2014) in subjects with low CD4+ T-cell 
counts and suppressed viremia.
Whether INRs are at increased risk of severe COV-
ID-19 is currently under debate, with discordant data 
being published since the beginning of the pandem-
ic. A recent retrospective cohort study reported a dif-
ferent risk of severe outcome according to the CD4+ 
T-cell count in patients with detectable HIV-RNA, 
but not in patients with undetectable viremia (Nomah 
et al., 2021), once again highlighting the major role 
of uncontrolled viremia in dictating the clinical out-
come of subjects lacking immune recovery. In con-
trast, another study showed that HIV-infected sub-
jects with a low CD4/CD8 T-cell ratio were more like-
ly to develop severe COVID-19 but also featured less 
robust SARS-CoV-2-specific responses following in-
fection (Alrubayyi et al., 2021), thus suggesting that 
these individuals may be at risk for suboptimal 
SARS-CoV-2 vaccine response. Indeed, a recent re-
port demonstrated poorer humoral and cell-mediat-
ed immune responses to SARS-CoV-2 vaccination in 
individuals with CD4+ T-cell counts below 200/uL 
(Antinori et al., 2022), in line with previous data on 
other vaccination models (George et al., 2015; Fa-
rooq and Sherman, 2019).

THERAPEUTIC OPTIONS FOR INRS

Therapeutic approaches aimed at counteracting the 
pathogenic mechanisms underlying poor CD4+ T-cell 
gain in INRs have been widely tested in this context 
in randomized trials (Table 1).
Intensification of ongoing cART with the CCR5 co-re-
ceptor inhibitor, maraviroc, or the first integrase 
strand transfer inhibitor, raltegravir, was aimed at re-
ducing low-level replication and/or viral reservoirs in 
the hope of a parallel reduction of T-cell activation 
(Rusconi et al., 2013; Hunt et al., 2013; van Lelyveld et 
al., 2015; Minami et al., 2017; Massanella et al., 2012; 
Negredo et al., 2013; Byakwaga et al., 2011; Hatano et 
al., 2011)). Overall, this approach failed to show any 
definitive improvement of T-cell homeostasis with lit-
tle/no effect on peripheral CD4+ T-cell counts.
Similarly, immune-based strategies were initially car-
ried out with adjuvant molecules such as IL-2 and 
IL-7 in the attempt of increasing CD4+ T-cell counts 
and correcting T-cell skewing (Marchetti et al., 2002; 
Arnó et al., 1999; Katlama et al., 2002; Abrams et al., 
2009; Lévy et al., 2012; Thiébaut et al., 2016): while 
therapy with these molecules lead to a variable degree 
of immune recovery, this was transitory in nature and, 
in the case of IL-2, had a paradoxical effect in terms of 
clinical efficacy. Therapy with steroids accounted for 
decreases in T-cell activation, yet no stable rise in 
CD4+ T-cell counts (McComsey et al., 2001).
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Table 1 - Overview of the major studies evaluating adjuvant therapeutic approaches to enhance CD4+ T-cells 
recovery in immunological non-responders.

Reference
(year) Design Population

(study arms) Therapy Duration
(follow-up) Main findings

Maraviroc

Rusconi  
et al. (2013)

RCT 97 INR pts 
(47 vs 50)

cART ± 
maraviroc

48 wks
(48 wks)

No advantage in CD4 T-cell recovery; expansion 
of CD8 T-cell counts and activation (CD38+HLA-
DR+); rise in plasma IL-7 and IL-7R expression on 
CD4 T cells

Hunt  
et al. (2013)

RCT 45 INR pts 
(23 vs 22)

cART + 
maraviroc or 

placebo

24 wks
(36 wks)

No increase in CD4 T-cell count; rise in activated 
(CD38+HLA-DR+) CD8 T cells; expansion of 
activated T cells in rectal tissue

van Lelyveld  
et al. (2015)

RCT 85 INR pts 
(41 vs 44)

cART + 
maraviroc or 

placebo

48 wks
(48 wks)

No rise in CD4 T-cell count; no changes in T-cell 
activation/proliferation (CD38+HLA-DR+/Ki-67+) 
and microbial translocation (sCD14); reduction of 
apoptotic (annexin-V+) T cells

Minami  
et al. (2017)

OS 32 INR pts 
(18 vs 14)

cART ± 
maraviroc

24 wks
(24 wks)

Increase in CD4 T-cell count (>25%) in 12/18 pts 
(MVC-responders); decreased IFN-γ mRNA in CD4 
T cells, especially in MVC-responders

Raltegravir

Massanella  
et al. (2012)

RCT 44 INR pts 
(30 vs 14)

cART ± 
raltegravir

48 wks
(48 wks)

Faster but not higher CD4 T-cell recovery; 
no changes in CD4 T cells activation (HLA-
DR+CD95+), thymic output (CD45RA+CD31+) 
and ex vivo cell death; decrease of activated 
(CD38+) CD8 T cells; no reduction of microbial 
translocation (sCD14)

Negredo  
et al. (2013)

RCT 44 INR pts 
(30 vs 14)

cART ± 
raltegravir

48 wks
(48 wks)

Rapid but limited gain in CD4 T cells; no changes 
in viral reservoir (proviral DNA)

Byakwaga  
et al. (2011)

RCT 73 INR pts 
(18 vs 19 vs 

19 vs 17)

cART + 
raltegravir or 
HIBC or both 

or placebo

24 wks
(48 wks)

No increase in CD4 T-cell count; no changes in 
CD4 and CD8 T cells activation (CD38+HLA-
DR+); no reduction of microbial translocation 
(LPS, 16S rDNA, sCD14)

Hatano  
et al. (2011)

RCT 30 INR pts 
(15 vs 15)

cART + 
raltegravir or 

placebo

24 wks
(24 wks)

No rise in CD4 T cells count; no reduction of CD4 
and CD8 T cells activation (CD38+HLA-DR+) 
in peripheral blood and colorectal mucosa; no 
changes in HIV Gag-specific CD4 and CD8 T-cell 
responses in PBMCs and GALT; no reduction 
of plasma HIV-RNA and viral reservoir (cell-
associated RNA or proviral DNA)

IL-2

Marchetti  
et al. (2002)

RCT 22 INR pts 
(12 vs 10)

cART ± IL-2 
(sc)

10 wks
(48 wks)

Increase in total, naïve (CD45RA+CD62L+) 
and memory (CD45RA-) CD4 T cells; rise in 
Th1 (CD4+CD7+) cells; increase of CD8 T cells; 
transient increase of NK cells; rise in plasma IL-7; 
no changes in plasma HIV-RNA

Arnó  
et al. (1999)

RCT 25 INR pts 
(13 vs 12)

cART ± IL-2 
(sc)

24 wks
(24 wks)

Increase of total CD4 T cells; early rise of memory 
(CD45RO+) CD4 T cells; slow but sustained 
increase of naïve (CD45RA+) CD4 T cells; no 
changes in plasma HIV-RNA and viral reservoir 
(proviral DNA)

Katlama 
et al. (2002)

RCT 70 INR pts 
(34 vs 36)

cART ± IL-2 
(sc)

24 wks
(24 wks)

Increase in total, naïve (CD45RA+CD62L+) 
and memory (CD45RO+) CD4 T cells count; no 
changes in CD8 T cells count; no reduction in 
activation (CD38+/HLA-DR+/CD28+/CD95+) of 
CD4 and CD8 T cells; no increase in antigen-
specific CD4 T-cell responses

Abrams 
et al. (2009)

RCT SILCAAT: 
1695 INR pts  
(849 vs 846)

ESPRIT: 
4111 IR pts 

(2071 vs 
2040)

cART ± IL-2 
(sc)

48 wks of 
induction
(7-8 yrs)

Substantial and sustained increase in CD4 T cells 
count, but no clinical benefit (as measured by 
the reduction in the risk of opportunistic disease, 
death from any cause or potentially threatening 
events requiring medical intervention) in both 
INRs and IRs

Continue >>>
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Reference
(year) Design Population

(study arms) Therapy Duration
(follow-up) Main findings

IL-7

Lévy  
et al. (2012)

RCT 32 INR pts 
(26 vs 6)

cART + IL-7 or 
placebo (sc)

2 wks
(52 wks)

Brisk and durable increase of CD4 and CD8 T cells 
(naïve and central memory); early but transient 
increase of cycling (Ki-67+) CD4 and CD8 T cells 
(naïve, central memory and effector memory); no 
changes in T-cell activation (CD38+HLA-DR+); 
reduction in exhausted (PD-1+) CD4 and CD8 T 
cells; increased thymic output and TCR repertoire

Thiébaut  
et al. (2016)

saCT
RCT

INSPIRE 2: 
23 INR pts
INSPIRE 3: 
88 INR pts 
(64 vs 24)

INSPIRE 2: 
cART + IL-7 (sc)  

INSPIRE 3: 
cART ± IL-7 (sc)

12 wks of 
induction
(96 wks)

Increase of CD4 T cells (naïve and central 
memory); CD4 T-cell count >500/µL for >63% 
of the follow-up time in 50% of treated pts; no 
changes in CRP and D-dimer

Steroids

McComsey  
et al. (2001)

RCT 41 INR pts 
(20 vs 21)

cART + 
prednisone or 

placebo

8 wks
(8 wks)

No increase of CD4 T cells; decrease of CD8 T-cell 
count and activation (CD38+)

Mesalamine

Somsouk  
et al. (2014)

RCT 33 INR pts 
(15 vs 18)

cART + 
mesalamine or 

placebo

12 wks
(24 wks)

No rise in CD4 T-cell count; no changes in CD4 
and CD8 T-cell activation (CD38+HLA-DR+) in 
peripheral blood and rectal mucosa; no changes 
in plasma sCD14, IL-6, D-dimer, kynurenine/
tryptophan ratio

Statins

Nakanjako  
et al. (2015)

RCT 30 INR pts 
(15 vs 15)

cART + 
atorvastatin or 

placebo

12 wks
(12 wks)

No increase of CD4 T cells; reduction of CD4 and 
CD8 T cells activation (CD38+HLA-DR+) and 
exhaustion (PD-1+)

Valganciclovir

Hunt  
et al. (2011)

RCT 30 INR pts 
(14 vs 16)

cART + 
valganciclovir 

or placebo

8 wks
(12 wks)

No increase in CD4 T-cell count; reduction 
of CD8 T cells activation (CD38+HLA-DR+); 
undetectability of CMV viral load in saliva/plasma/
semen; no changes in plasmatic markers of 
inflammation (CRP, IL-6, D-dimer, cystatin C) and 
microbial translocation (sCD14)

Rifaximin

Tenorio  
et al. (2015)

RCT 65 INR pts 
(43 vs 22)

cART ± 
rifaximin

4 wks
(8 wks)

No changes in CD4 T cells count or activation/
proliferation (CD38+HLA-DR+/Ki-67+); inhibition 
of CD8 T cells activation (CD38+HLA-DR+) 
increase; reduction of CD8 T cells proliferation  
(Ki-67+); weak and transient reduction of microbial 
translocation (LPS, sCD14); small reduction in 
plasma markers of inflammation (IL-6, CRP)

Probiotics

Meyer-
Myklestad  
et al. (2022)

saCT 20 INR pts cART + 
IDOFORM® 

Travel*

8 wks
(10 wks)

No changes in CD4 T cells frequencies, activation 
(CD38+HLA-DR+) and exhaustion (PD-1+TIGIT+) 
in peripheral blood; no changes in plasma HIV-
RNA and soluble markers of inflammation  
(CRP, IL-6, IL-18, D-dimer), gut barrier damage 
(I-FABP, REG3α, zonulin), microbial translocation 
(LPS, LBP, sCD14, sCD163); non changes in 
CD4 and CD8 T cells frequencies, activation and 
exhaustion in ileum/colon mucosa; increased 
microbiota alpha diversity, increased abundance 
of Bifidobacterium spp. and reduction in IL-22+ 
CD4 T cells in ileum but not colon mucosa

Rousseau  
et al. (2022)

RCT 29 INR pts 
(19 vs 10)

cART + DSFP° 
or placebo

48 wks
(48 wks)

No changes in CD4 and CD8 T-cell counts; 
increase of CD4 T-cell activation (CD38+HLA-
DR+); no reduction in CD8 T-cell activation; no 
changes in markers of inflammation (CRP, IFN-γ, 
IL-6, TNF-α, D-dimer, sVCAM-1), gut permeability 
(urine lactulose/mannitol ratio) and microbial 
translocation (sCD14)

>>> Continue
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More recently, other approaches targeting specific 
pathways underlying T-cell activation were used in 
INR, specifically, mesalamine, rifaximin and probiot-
ics to hinder microbial translocation of a dysbiotic 
microbiome (Somsouk et al., 2014; Williams et al., 
2019) as well as valganciclovir to treat CMV co-infec-
tion (Hunt et al., 2011). Again, these attempts failed 
to significantly lower T-cell activation and reconsti-
tute the CD4+ T-cell pool.
Given that viremia drives clinical manifestations in 
individuals with low CD4+ T-cell counts (Atkinson et 
al., 2021; Nomah et al., 2021) and that late presenta-
tion hinders immune recovery, yet not virological re-
sponse to cART (Rava, 2021), early cART introduc-
tion remains, to date, the only tool to support opti-
mal long-term CD4+ T-cell gain in HIV-infected indi-
viduals.

CONCLUSIONS AND FUTURE 
PROSPECTS

In conclusion, incomplete immune reconstitution 
in PLWH is caused by several pathogenetic mecha-

nisms that may coexist with each other. Different 
individuals may have different dominant mecha-
nisms of poor immune reconstitution, and conse-
quently this may be partly the cause of the failure of 
therapeutic strategies. Therefore, it would be ideal 
to choose a precise and tailored treatment accord-
ing to the dominant pathogenetic mechanisms in 
the single patient. A recent topic of discussion con-
cerns inhibitors of immune checkpoints such as 
PD-1 and CTLA-4, which have been approved to 
treat some cancers. In the HIV field, recent findings 
show that PD-1 blockade might be a promising op-
tion by counteracting HIV-associated immune ex-
haustion. It would be appropriate to understand 
whether these treatments might also benefit INR 
patients in terms of immune function recovery and 
AIDS or non-AIDS events.

Conflicts of interest
The authors declare that the research was conducted 
in the absence of any commercial or financial rela-
tionships that could be construed as a potential con-
flict of interest.

Reference
(year) Design Population

(study arms) Therapy Duration
(follow-up) Main findings

Stem cell therapy

Zhang  
et al. (2013)

RCT 13 INR pts (7 
vs 6)

cART + hUC-
MSCs or 

placebo (iv)

8 wks
(48 wks)

Increase of circulating naïve (CD45RA+CD27+) 
and central memory (CD45RA-CD27+) CD4 
T cells; increase of CD127+ CD4 T cells, RTE 
(CD31+) CD4 T cells, Treg cells (CD25+CD127- 
CD4+); no changes in frequencies of CD8 T cells, 
B cells, NK cells, NKT cells, DCs, and γd T cells; 
increase of functional IFN-γ+/IL-2+ HIV-specific 
CD4 T cells; reduction of CD4 and CD8 T cells 
activation/proliferation/exhaustion (CD38+HLA-
DR+/Ki-67+/PD-1+); reduction of systemic 
inflammation (CRP, IFN-α2, TNF-α, IL-1ra, 
IL-12p70, IL-6, IFN-γ, IL-9, MIP-1β, IL-8, MCP-1, 
RANTES) and microbial translocation (LPS)

Wang  
et al. (2021)

RCT 72 INR pts 
(48 vs 24)

cART + hUC-
MSCs or 

placebo (iv)

48 wks
(96 wks)

Rise in CD4 T-cell counts with both low-doses 
and high-doses; no changes in CD8 T-cell counts; 
no increase of the CD4/CD8 ratio; no HIV load 
rebounds

Trujillo-
Rodríguez  
et al. (2021)

RCT 5 INR pts 
(interrupted 

after first 
single-arm 

phase)

cART + Ad-
MSCs (iv)

20 wks
(48 wks)

No increase of CD4 T-cell counts or CD4/CD8 
ratio; no reduction of CD4 and CD8 T-cell 
activation (CD38+HLA-DR+), proliferation (Ki-
67+), apoptosis (annexin-V+), exhaustion (PD-1+), 
senescence (CD57+); no changes in NK cells, Treg 
cells, DCs, markers of inflammation (CRP, IL-6, 
TNF-α), microbial translocation (sCD14), and 
viral reservoir (PBMCs-associated HIV-DNA)

Legend: RCT, randomized controlled trial; saCT, single-arm clinical trial; OS, observational study; INR, immunological non-responder; IR, immunological 
responder; cART, combination antiretroviral therapy; pts, patients; wks, weeks; yrs, years; LPS, lipopolysaccharide; MVC, maraviroc; HIBC, hyperimmune 
bovine colostrum; PBMCs, peripheral blood mononuclear cells; GALT, gut-associated lymphoid tissue; sc, subcutaneous; CRP, C reactive protein; TCR, 
T-cell receptor; I-FABP, intestinal fatty acid-binding protein; REG3α, regenerating islet-derived protein 3α; LBP, lipopolysaccharide binding protein; 
sVCAM-1, soluble vascular cell adhesion molecule-1; hUC-MSCs, human umbilical cord mesenchymal stem cells; iv, intravenous; RTE, recent thymic 
emigrant; Ad-MSCs, adipose-derived mesenchymal stem cells.
* IDOFORM® Travel (Pfizer, Oslo, Norway): Lactobacillus rhamnosus (LGG), Lactobacillus acidophilus (LA-5), Bifidobacterium spp. (BB-12), Lactobacillus 
bulgaricus (LBY-27), and Streptococcus thermophilus (STY-31).
° DSFP (De Simone Formulation Probiotic): Streptococcus salivarius subsp. thermophilus, Bifidobacterium breve, Lactobacillus plantarum, Lactobacillus 
paracasei, Bifidobacterium animalis subsp. lactis (both SD5219 and SD5220), Lactobacillus acidophilus, and Lactobacillus delbrueckii subsp. bulgaricus.
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