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Individuals with human immunodeficiency virus infection who commence antiretroviral therapy when they are very im-
munodeficient are susceptible to immune reconstitution disorders. The most common disorders are the various forms of
immune restoration disease (IRD) that appear to result from the restoration of a dysregulated immune response against
pathogen-specific antigens. Essentially, any pathogen that can cause an opportunistic infection as a result of cellular im-
munodeficiency can provoke IRD when pathogen-specific immune responses recover during antiretroviral therapy. In resource-
poor countries, Mycobacterium tuberculosis and Cryptococcus neoformans are the most significant pathogens, because the
former causes substantial morbidity and the latter causes substantial mortality. IRD associated with these pathogens is
characterized by severe inflammatory responses and is often referred to as immune reconstitution inflammatory syndrome.
Prevention and treatment strategies for IRD are being developed, but preliminary data have demonstrated the efficacy of
corticosteroid therapy in severe cases. Immune reconstitution after antiretroviral therapy may also be associated with au-
toimmune disease or sarcoidosis, both of which appear to have an immunopathogenesis that is different from that of IRD.

Contemporary antiretroviral therapy (ART) is both potent and
tolerable for long periods. Consequently, a majority of indi-
viduals with HIV infection who achieve optimal adherence to
ART will experience at least partial reversal of HIV-induced
immune defects and reconstitution of the immune system (ta-
ble 1). It remains unclear whether complete immune recon-
stitution ever occurs, but it is clear is that patients who com-
mence ART when they are very immunodeficient are susceptible
to immune reconstitution disorders [1]. A group of these dis-
orders is characterized by inflammatory and/or autoimmune
disease and is commonly referred to as immune reconstitution
inflammatory syndrome (IRIS) [2]. It has become apparent
that IRIS consists of several distinct disorders that appear to
result from dysfunction of those aspects of immune reconsti-
tution that affect restoration of pathogen-specific immune re-
sponses and/or immune regulation. Although it is acknowl-
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edged that there are still uncertainties about the immuno-
pathogenesis of IRIS, sufficient information has been obtained
from clinicopathological and immunological studies to permit
a discussion of the etiology of the different components. There-
fore, in this review, the components of IRIS will be considered
separately as immune restoration disease (IRD), which is a
consequence of the restoration of an immune response against
pathogen-specific antigens that results in immunopathology,
and immune reconstitution—associated autoimmune disease
and sarcoidosis; these are also adverse outcomes of immune
reconstitution but are not directly related to the restoration of
pathogen-specific immune responses.

With respect to IRD in patients with HIV infection, this
review will particularly focus on 3 aspects. First, it will focus
on the immunopathogenesis of IRD in patients with HIV in-
fection, because studies of the immunopathogenesis have the
potential to not only improve diagnostic methods and treat-
ment but also provide novel insights into the characteristics of
pathogen-specific immune responses and their regulation. This
information might also be applicable to other situations in
which immune reconstitution disorders occur, such as in pa-
tients who have undergone haematopoietic stem cell trans-

plantation and/or in those who receive intensive immunosup-
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Table 1. Immune reconstitution in patients with HIV infection.

Characteristic

Replenishment of immune cells depleted directly or indirectly (via
immune activation) by HIV infection

Circulating immune cells

Immune cells in other compartments of the immune system
(e.g., mucosal)

Regeneration of primary and secondary lymphoid organs, particu-
larly those damaged by HIV-induced inflammation

Thymus
Lymph nodes
Gut-associated lymphoid tissue

Restoration of pathogen-specific T, B, and NK cell responses
Recovery of memory T and B cell responses
Repertoire diversity of T and B cell antigen receptors
Response to new antigens

Regulation of the reconstituted immune system

pressant therapy. Second, the review will focus on IRD of the
CNS, and third, IRD in resource-poor countries will be dis-
cussed; both topics pose major problems in clinical practice.

IRD

The most important aspect of immune reconstitution is the
restoration of immune responses against pathogen-specific an-
tigens. When this occurs in patients who are infected with a
pathogen, the desired outcome is eradication—or at least con-
trol—of the infection. However, in some patients, the restored
immune response causes immunopathology while eradicating
the infection. The inflammation that arises may be misinter-
preted as an opportunistic infection, but it results from the
restoration, rather than from the loss, of a pathogen-specific
immune response and is therefore IRD rather than immuno-
deficiency disease [1, 3, 4]. As shown in table 2, an assessment
of the clinicopathological and immunological characteristics of
infectious disease in patients receiving ART can differentiate
IRD from immunodeficiency disease. Although IRD usually
results in inflammation of tissues infected with the pathogen,
cellular proliferative disease may also occur, as exemplified by
cases of Kaposi sarcoma that becomes worse or present for the
first time after ART is commenced [6].

Essentially, any pathogen that can cause an opportunistic
infection as a result of impaired cellular immune responses can
provoke IRD after pathogen-specific immune responses are re-
stored by ART. ART-associated hepatotoxicity or hepatitis flares
in patients coinfected with hepatitis B virus or hepatitis C virus
may also be the result of IRD in the liver, although there is
debate about this in hepatitis C virus infection [7]. It also
appears that HIV infection itself can provoke IRD [8].

Infections that provoke IRD may be subclinical before the
initiation of ART and may be unmasked by the immune re-

sponse. This type of IRD usually presents during the first 3
months of therapy, and viable pathogens may be isolated from
samples obtained from affected body sites, particularly when
there is tissue necrosis. Initiation of ART in a patient who has
recently had an opportunistic infection that has been treated
may also result in IRD, which may appear to be a paradoxical
relapse of the infection. This form of IRD is also most common
during the first 3 months of therapy but may present later. In
patients with such cases, the immune response appears to be
against the antigens of nonviable pathogens; therefore, path-
ogens may not be cultured from biopsy or fluid samples ob-
tained from affected body sites. Paradoxical IRD associated with
treated Mycobacterium tuberculosis or cryptococcal infection is
a particularly notable problem that occurs in 8%—43% of pa-
tients with treated tuberculosis [9-12] and 4%—66% of patients
with treated cryptococcal infection [13-16]. Paradoxical IRD
is also exemplified by immune recovery uveitis, which occurs
in eyes previously affected by cytomegalovirus retinitis [17].
This condition commonly presents months to years after the
commencement of ART.

Immunopathogenesis of IRD. The immunopathology of
IRD is largely determined by the provoking pathogen. Exam-
ination of the histopathologic characteristics and/or inflam-
matory cell infiltrate of affected tissues or organs has dem-
onstrated that CD8" T cells predominate in IRD that is
provoked by viruses, such as JC virus [18], HIV [8, 18], and
cytomegalovirus [19]. In contrast, granulomatous inflamma-
tion usually predominates in IRD that is provoked by fungi,
such as Histoplasma species and cryptococci [14, 20]; by pro-
tozoans, such as Leishmania species [21]; and by mycobacteria,
such as M. tuberculosis, Mycobacterium leprae [22, 23], and
nontuberculous mycobacteria [5]. In patients with M. tuber-
culosis or cryptococcal IRD, the inflammation is often associ-
ated with other characteristics of a Th1 immune response, in-
cluding increased numbers of circulating T cells that produce
IFN-y when they are stimulated with pathogen-specific antigens
[24-26]. Mycobacterial IRD may also present with suppuration
of lymph nodes or other affected organs [5, 12, 27, 28]. The
immunopathology in such cases is unclear at present, but tissue
suppuration might reflect a Th17 response against mycobac-
terial antigens [29], because Thl7 responses induce inflam-
mation that is often mediated by neutrophils [30]. The im-
munopathology of IRD that presents as cellular proliferative
disease is presumably different and might reflect the production
of cytokines that induce cellular proliferation, as suggested by
preliminary data from serological testing of samples from pa-
tients who developed Kaposi sarcoma after initiating ART [31].
Serological testing has also been of value in other situations,
such as for patients with HIV and hepatitis B virus coinfection
who experienced hepatitis flares after commencement of ART;
increased plasma levels of immune mediators suggest that the
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Table 2. Differing characteristics of immune restoration disease and immunodeficiency disease in patients with HIV

Immunodeficiency disease

infection.

Variable Immune restoration disease

Cause Immunopathology resulting from the
restoration of a “protective” patho-
gen-specific cellular immune
response

HIV RNA level Always associated with a decrease in

CD4* T cell count

the plasma HIV RNA level

Usually associated with an increased
circulating CD4* T cell count®

Inflammation Inflammation is atypical in presentation
and/or more exaggerated than in im-
munodeficiency disease (e.g., pain,
suppuration, and necrosis)

Testing Examination of affected tissue or body

Pathogen-specific immune response

Treatment

fluid samples reveals evidence of an
immune response (e.g., scarcity of
pathogens, infiltrating lymphocytes,
and granulomatous inflammation)®

Pathogen-specific cellular immune
responses are increased®

The infection may resolve without
treatment

Result of failure of “protective” cellular
immune responses to control patho-
gen replication

Usually associated with a high plasma
HIV RNA level®

Associated with a low circulating CD4*
T cell count

Inflammatory responses may be
blunted

Examination of affected tissue or body
fluid samples reveals evidence of an
impaired immune response (e.g.,
abundance of pathogens and poorly
formed granulomata in mycobacterial
disease)

“Protective” pathogen-specific immune
responses are impaired

Antimicrobial therapy is required to
resolve the infection

@ Patients with long-term control of HIV replication may rarely have persistentimmune defects that are complicated by opportunistic infections.
® The circulating CD4* T cell count is not increased in some patients with immune restoration disease (e.g., ~10% of patients with Myco-

bacterium avium complex immune restoration disease do not have an increased CD4* T cell count) [5].
¢ Viable pathogens may be isolated from tissue, exudate, or body fluid samples in “unmasking” immune restoration disease.
9 This has been demonstrated directly for only a small number of pathogens but has been demonstrated indirectly by clinicopathological

and serological studies for many others.

flares reflect IRD in the liver [32]. Examination of intraocular
fluid specimens has demonstrated that increased IL-12 pro-
duction is a component of the immunopathology in immune
recovery uveitis [17].

Considered together, the aforementioned findings suggest
that IRD is the result of an immune response that is “protective”
in character but excessive by degree, probably because it is
inadequately regulated. The cause of the putative defect of im-
mune regulation is unclear and is likely to affect several immune
cell populations (figure 1). Preliminary data indicate that pa-
tients with M. tuberculosis or cryptococcal IRD do not have
fewer circulating regulatory T cells (CD4*, CD25", CD127",
and FoxP3™ T cells) than do patients who do not develop IRD
[26]. Indeed, the proportion of circulating CD4" T cells with
a regulatory T cell immunophenotype is increased in patients
with severe HIV-induced immunodeficiency in association with
immune activation [33]. A defect of induced regulatory path-
ways mediated by adaptive and/or innate immune cells remains
a possibility.

Many studies have consistently shown that the major risk
factor for the development of IRD is a CD4" T cell count <100
cells/uL [3, 34]. In patients who develop paradoxical IRD, a
disseminated infection with the provoking pathogen and/or a
short duration between treatment of the infection and com-

mencement of ART are also risk factors [9, 11-14]. All of these
risk factors may be markers of a high pathogen load resulting
in a large amount of antigen against which an immune response
is generated. A very low CD4" T cell count may also signify a
high probability of immune activation and/or immune dys-
regulation before and during the restoration of pathogen-spe-
cific immune responses.

IRD of the CNS. IRD of the CNS deserves special consid-
eration, because the morbidity and mortality associated with
IRD of the CNS are much greater than the morbidity and
mortality associated with other types of IRD. An inflammatory
form of progressive multifocal leucoencephalopathy of the
brain appears to represent IRD associated with JC virus infec-
tion [35, 36]. It presents after the commencement of ART as
either an exacerbation of established progressive multifocal leu-
coencephalopathy (i.e., “paradoxical” IRD) or as a first pre-
sentation of progressive multifocal leucoencephalopathy (i.e.,
“unmasking” IRD). The latter is associated with substantial
morbidity and mortality; rates of up to 50% have been reported
[36]. MRI of the brain often demonstrates more inflammation
than would be expected for progressive multifocal leucoence-
phalopathy complicating AIDS, and examination of a brain
biopsy specimen usually reveals an inflammatory cell infiltrate
with a predominance of CD8" T cells [18, 35]. There have also
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Suppression of HIV replication by antiretroviral therapy

!

Variable reversal of HIV-induced immune defects in patients with
severe immunodeficiency

e Depletion and/or dysfunction of antigen presenting cells
(dendritic cells, macrophages)

e CD4' T cell depletion

Imbalanced effector and regulatory cellular immune responses
against pathogen-specific antigens

e Th1 (granulomatous inflammation) and possibly Th17
(suppurative inflammation) responses against mycobacteria,
fungi, and protozoans

e CD8'T cell response against viruses

J

Immunopathology resulting in atypical presentations of
opportunistic disease

e Tissue inflammation
e Cellular proliferative disease

Figure 1. Postulated disease mechanisms in immune reconstitution

disease

been a small number of reports of HIV encephalitis worsening
after commencement of ART [8, 18]. This has also been as-
sociated with a CD8" T cell infiltrate in the brain, which might
reflect an increase in circulating HIV-specific CD8" T cells dur-
ing the early course of ART [37]. Many other pathogens have
been associated with IRD of the brain, including M. tuberculosis,
Cryptococcus species, Toxoplasma gondii, herpes simplex virus,
varicella zoster virus, and parvovirus B19 [38]. Permanent neu-
rological disability is not uncommon. Myelitis after com-
mencement of ART may result from IRD in the spinal cord
[38], which can be investigated by analysis of lymphocytes in
the CSF by flow cytometry [39].

Meningitis resulting from “unmasking” IRD associated with
cryptococcal or M. tuberculosis infection may present during
the first few weeks of ART. When IRD is associated with cryp-
tococcal infection, cryptococci can be cultured from CSF sam-
ples, and preliminary data indicate that the number of circu-

lating Cryptococcus species—specific T cells is increased [26]. A
more common presentation is with what appears to be a relapse
of previously treated meningitis during the course of effective
ART. When such a relapse is associated with cryptococcal in-
fection, it is characterized by a high CSF opening pressure and
is associated with a high fatality rate [13—16]. Evidence that
this is IRD rather than immunodeficiency disease (table 2)
includes failure, in most cases, to culture cryptococci from the
CSF samples, although cryptococcal antigen is usually present.
Although meningitis resulting from “paradoxical” cryptococcal
IRD may present during the first 3 months of ART, cases often
present later (up to 3 years after the commencement of ART)
[14]. Meningitis is presumably the result of an immune re-
sponse against cryptococcal antigens retained in the menin-
ges—similar to the immune response that results in mediastinal
lymphadenitis in some patients with cryptococcal IRD [40].
An exacerbation of meningitis in a patient receiving effective
ART may pose a diagnostic dilemma, because it is unclear
whether it represents a recurrence of the infection because of
persistent immunodeficiency or represents IRD resulting from
an immune response against retained cryptococcal antigens.
The distinction is important, because corticosteroid therapy
might be considered to treat IRD but might exacerbate an active
cryptococcal infection resulting from persistent immuno-
deficiency.

Involvement of the CNS by IRD poses many challenges in
diagnosis and management; however, it also presents oppor-
tunities to understand the immunopathogenesis and to im-
prove diagnostic methods, because markers of the immuno-
pathology can be examined in CSF samples. Possible markers
include activated lymphocyte populations [39] and intrathecal
production of antibodies to pathogens that might be provoking
IRD, such as JC virus [41]. Diagnostic tests that assess cryp-
tococcus-specific immune responses in blood and/or CSF sam-
ples should also be evaluated in patients with cryptococcal IRD.

IRD in HIV-infected patients from resource-poor regions of
the world. As predicted [4], IRD has become a significant
complication of ART in HIV-infected patients from resource-
poor countries [42], particularly in those patients who are also
infected with M. tuberculosis. IRD associated with previously
treated M. tuberculosis infection is commonly known as tu-
berculosis IRIS and has a variety of clinical presentations, in-
cluding pneumonitis, lymphadenitis, ileitis, hepatitis, suppu-
rating masses, and serous effusions [11, 12, 42—45]. Use of
health care resources to manage tuberculosis IRIS is a sub-
stantial problem, but mortality is uncommon, with death oc-
curring in ~1% of patients [11, 44]. Diagnosis is often prob-
lematic, especially in the most resource-poor regions of the
world [28]. Tuberculosis presenting after the commencement
of ART is also a significant problem in HIV-infected patients
from resource-poor countries; the incidence among these pa-
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tients is ~20 times higher than that among HIV-infected pa-
tients from resource-rich countries [28, 45]. Tuberculosis pre-
senting after ART initiation also appears to be a form of IRD,
but the immunopathogenesis may be different from that of
tuberculosis IRIS [25].

Prospective studies of IRD in a South African population
demonstrated that cryptococcal IRD is a less common com-
plication of ART than is M. tuberculosis IRD [44]. However,
mortality is much more common among patients with cryp-
tococcal IRD that among patients with M. tuberculosis IRD,
with rates of 40%—66% being reported from South Africa and
Uganda [15, 16]. Mortality associated with IRD might, there-
fore, contribute to the higher rates of early death and loss to
follow-up after the commencement of ART that occurred
among patients from resource-poor countries, compared with
those from resource-rich countries [46].

Prevention and management of IRD. The incidence of
paradoxical IRD associated with M. tuberculosis, Cryptococcus
species, and cytomegalovirus infection is higher among patients
who have received less treatment for the infection than among
those who have received more treatment [9, 11-14, 47]. This
presumably reflects a larger amount of antigen that initiates
the immune response. Therefore, it could be argued that de-
laying the commencement of ART in patients who are receiving
therapy for an opportunistic infection will reduce the risk of
IRD. However, the risks of developing IRD must be balanced
against the risks of worsening of HIV disease if ART is deferred.
Furthermore, the risks and benefits of delaying ART should
not be generalized and need to be examined in randomized
clinical trials for each pathogen.

The evidence base for producing guidelines on the treatment
of IRD is very limited and relies heavily on clinical observations
and expert opinion [48]. Anti-inflammatory therapy may be
effective but should be reserved for the most severe cases; this
is especially true of corticosteroid therapy, which can increase
the risk of reactivating other latent infections. ART should only
be ceased if disease is life threatening. In cases of paradoxical
IRD, treatment of the opportunistic infection should be con-
tinued to suppress replication of the provoking pathogen and
to reduce antigen load.

IMMUNE RECONSTITUTION-ASSOCIATED
AUTOIMMUNE DISEASE

Various autoimmune diseases have been reported in patients
with HIV infection that responds to ART. For the large majority
of these reports, it remains unclear whether the association with
ART-induced immune reconstitution is just a coincidence.
However, Graves disease presenting after the initiation of ART
has been reported in >40 HIV-infected patients [49-51], which
provides compelling evidence that at least this particular au-
toimmune disease is a complication of ART-induced immune

reconstitution. The median CD4" T cell count before the com-
mencement of ART in patients presenting with Graves disease
during ART-induced immune reconstitution was 10 cells/uL
(range, 0-305 cells/uL), indicating that previous severe im-
munodeficiency is a major risk factor. In contrast with IRD,
Graves disease was associated with a median time to presen-
tation of ~21 months after the commencement of ART.

Graves disease and other autoimmune diseases are also as-
sociated with immune reconstitution after the use of alemtu-
zumab therapy in patients who do not have HIV disease [52—
55]. Alemtuzumab is a monoclonal antibody to CD52 that
induces extensive depletion of T and B cells. Therefore, Graves
disease that occurs after immune reconstitution appears to af-
fect individuals who have recovered from severe T cell deple-
tion. The immunopathogenesis of Graves disease after recovery
from severe T cell depletion has not been defined but might
result from an acquired defect of immune tolerance that results
in an increased susceptibility to autoimmune disease [56].
There is preliminary evidence of a defect of central T cell tol-
erance resulting from thymus dysfunction in some HIV-in-
fected patients [57]. Defects of peripheral T cell tolerance have
not been investigated but might include impaired function of
the T cell immunoregulatory receptor cytotoxic T lymphocyte
antigen 4 (CTLA-4). This molecule appears to have an im-
portant role in the maintenance of T cell tolerance to thyroid
autoantigens [58, 59]. Patients with HIV infection who had a
nadir CD4" T cell count <50 cells/uL and who experienced a
substantial increase in their CD4 * T cell count while receiving
ART have increased proportions of circulating CD4" T cells
producing CTLA-4 [60]. This might result in higher levels of
circulating soluble CTLA-4, which impairs the interaction of
CTLA-4 with its ligands CD80 or CD86 on antigen-presenting
cells [59]. Additional investigation of the role of CTLA-4 in
immune reconstitution—associated autoimmune disease is
required.

IMMUNE RECONSTITUTION-ASSOCIATED
SARCOIDOSIS

Sarcoidosis is another potential complication of immune re-
constitution in patients who have received ART for HIV in-
fection [61, 62] and for patients who have received alemtu-
zumab therapy [63] and/or undergone haematopoietic stem
cell transplantation [64]. Other immune-mediated inflamma-
tory disease (including photodermatitis [65]) in HIV-infected
patients receiving ART might also be a complication of immune
reconstitution.

Sarcoidosis in patients with HIV infection who are receiving
ART may present up to 3 years after the commencement of
ART. Clinicopathological characteristics of sarcoidosis in HIV-
infected patients are similar to those of sarcoidosis in HIV-
uninfected patients. Sarcoidosis has been reported to occur after
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use of IL-2 or IFN-« therapy in both HIV-infected patients
[62] and HIV-uninfected persons [66]. Therefore, it appears
that immune reconstitution after T cell depletion resulting from
a number of causes, including HIV infection, is associated with
an increased susceptibility to immune dysregulation that in-
duces the Thl immune responses against unknown antigens
that underlie the granulomatous inflammation of sarcoidosis
[67]. The susceptibility to dysregulated Th1 immune responses
is presumably increased further by the use of IFN-« or IL-2
therapy, both of which enhance Thl responses.

In HIV-infected patients receiving ART, it is important to
differentiate immune reconstitution—associated sarcoidosis
from IRD that results in granulomatous inflammation, such as
mycobacterial or fungal IRD. Measurement of a delayed-type
hypersensitivity response to tuberculin by a skin test may help
to differentiate immune reconstitution—associated sarcoidosis
from mycobacterial IRD, because a response is absent in pa-
tients with sarcoidosis [62] but is often present in patients with
mycobacterial IRD [4].

CONCLUSIONS

Physicians who treat very immunodeficient HIV-infected pa-
tients with ART will encounter immune reconstitution disor-
ders, particularly IRD. These conditions will have their greatest
impact in resource-poor countries, where patients are often very
immunodeficient and infected with an opportunistic pathogen
when therapy is commenced. Research efforts should be fo-
cused on increasing knowledge about the immunopathogenesis
of these conditions, so that diagnostic tests and prevention and
treatment strategies can be improved.
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