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ABSTRACT

Latent autoimmune diabetes in adults (LADA) is characterized by initial insulin independence
and the presence of pancreatic islet autoantibodies, which can lead to the frequent misdiagnosis
of type 2 diabetes (T2D). The frequency of LADA cases among patients with apparent T2D can
be as high as one in ten, and therefore it is potentially the most common form of autoimmune
diabetes. That said, there is ongoing debate regarding the exact definition of LADA, so
understanding its genetics basis when contrasted with the better characterized T1D and T2D is
one potential strategy to gain insight to its etiology. However, the lack of routine autoantibody
screening when diagnosing adult diabetes has hampered the ascertainment of patients for well-
powered genetic studies of LADA, especially in populations that are more susceptible to the
disease. This review highlights recent genetic and epidemiological studies of LADA, perhaps
better described as adult-onset autoimmune diabetes, in populations of diverse ancestries, as well

as the importance of autoantibody screening in facilitating future studies.



INTRODUCTION

Genetic studies of type 1 diabetes (T1D) and type 2 diabetes (T2D) have yielded dozens of
loci associated with diabetes risk. However, the genetic etiology of Latent Autoimmune Diabetes
in Adults (LADA) remains substantially less well characterized compared to the two classic
forms of diabetes, thus highlighting a major undeveloped area in the field. Given our interest in
the genetics of diabetes, we are motivated to understand where LADA sits with respect to T1D
and T2D. We aim to address the apparent challenges of performing genetic studies for LADA
and the discrepancy in prevalence rates reported across the globe, including the debate on
LADA'’s clinical definition and phenotypic heterogeneity. Despite being defined as a slowly
progressive form of T1D by the World Health Organization[1], LADA exhibits clinical features
of both T1D and T2D, earning the nickname “type 1.5 diabetes”. Additionally, existing genetic
studies have portrayed LADA as a genetic intersection of the two diseases[2]. However, given
that LADA is an adult-onset disease, with initial insulin independency, there is still a high
misdiagnosis rate among those with T2D (5-10%). As a result, LADA is often overlooked in
clinical practice without no clear diagnostic guidelines. In particular, the underuse of
autoantibody screening has led to the underdiagnosis of LADA, hampering the ability to estimate
accurate prevalence rates and to assess the genetic architecture of the disease. Strikingly, the
prevalence estimates based on current reports for T1D, T2D, and LADA differ widely across
populations, and this is influenced by genetic, environmental and socioeconomic differences and
notably between clinic-based or population-based studies [3]. For instance, the prevailing view is
that there is a higher misdiagnosis rate of LADA in populations of African ancestry compared to
populations of European ancestry, but challenges exist related to sample size. In this review, we
highlight the need for consistent and thorough, well-powered genetic studies in populations of
diverse ethnicities to aid in the full characterization of the pathogenesis of autoimmune diabetes;
however, these studies cannot be performed if autoantibody screening is not performed

immediately after the diagnosis of diabetes.

Clinical implications of LADA
Patients diagnosed with LADA are typically defined by an adult age-at-onset accompanied
by insulin independence for at least the first six months after diagnosis, plus the presence of

circulating diabetes-associated pancreatic islet autoantibodies (autoimmunity)[1]. The definition



is widely considered inadequate as the need for insulin therapy is arbitrary and the six month cut-
off, in some classifications, fails to capture patients from one month to six months post-diagnosis
who have all the same clinical and immunological features of LADA[4]. The role of
autoantibodies in the pathogenesis of LADA is unclear but given they are critical to the diagnosis
of T1D, screening for diabetes-associated antibodies is crucial for diagnosis; patients should be
monitored more closely for various reasons outlined below, but specifically if they require
insulin therapy at an early stage[5]. Similar to T1D, insulin producing pancreatic (3-cells in those
with LADA tend to be compromised, presumably by the adverse immune response.
Consequentially, the risk of progression to insulin therapy in those with LADA is higher and
earlier than in those cases with T2D. If inadequately treated, ketoacidosis can result, representing
a substantial complication given that it is the most common cause of death among pediatric
diabetic cases [6]. While the destruction of 3-cells leads to hyperglycemia in T1D, this
complication is also common in T2D via a distinct pathogenesis, such that patients have
inadequate insulin secretion due to pancreatic -cell dysfunction or decreased (3-cell mass
leading to insulin insensitivity[7].

Thus, adult autoimmune diabetes and T2D are presumed to have two distinct mechanisms for
disease progression, and therefore should be treated appropriately immediately following
diagnosis. Indeed, studies have indicated that those with LADA should not be treated with
sulfonylureas, which is a common treatment for T2D[8], as these drugs further exhaust 3-cell
reserves, though one caveat is that these studies have limited power [9-11]. Agents which
augment the incretin pathway will be of limited value if the C-peptide levels (a proxy for insulin
secretion) are very low[12]. The more rapid progression to insulin dependence when linked to
the misdiagnosis of a LADA patient as a T2D case could be life threatening, and thus accurate
diagnoses are imperative.

Several factors are important in making an accurate diagnosis. First, inadequate treatment is
reflected in higher HbA1c levels, with nearly all studies to date finding that HbAlc levels are
higher in LADA cases than in T2D cases in the same cohort[13, 14]. A recent study found that
the rate of deterioration of HbAlc in LADA was double that of other patients with antibody-
negative T2D[15]. Furthermore, individuals with LADA have higher HbAlc independent of
insulin usage[16]. More intense follow-up is required owing to this more rapid decompensation

in some cases. Second, co-morbidities are different, where there is a higher risk of metabolic



syndrome and cardiovascular disease among those with T2D, although large prospective studies
are still ongoing on this context. Recent studies suggested macrovascular disease is as common
in LADA as in T2D[17]. However, in LADA there is a higher risk of thyroid and parietal cell
autoimmunity, leading to a need for either thyroid replacement or vitamin B12
supplementation[18]. Finally, LADA patients who are obese and scheduled for bariatric surgery
should consider avoiding the operation as they are actually at risk of progression to insulin

therapy independent of their insulin resistance status.

GENETIC COMPONENT OF ADULT AUTOIMMUNE DIABETES

Lack of awareness of LADA and relatively unclear diagnostic criteria has hindered progress
in understanding the genetics of this common disease. However there have been many genetic
studies regarding T1D and T2D, both of which have a clear heritable component[19, 20]. First-
degree relatives of individuals with T2D are three times more likely to develop the disease than
individuals without a family history[21, 22], while first-degree relatives of T1D cases are at
approximately 15 times greater risk than the general population. T1D and T2D appear to be due
to distinct biological mechanisms, as shown by the paucity of overlapping significant loci
identified by genome-wide association studies (GWAS)[23-25]. However, some overlapping
signals from the major histocompatibility complex (MHC) loci are beginning to emerge from the
most recent GWAS of T2D[26, 27], potentially due to the presence of misdiagnosed individuals
with autoimmune diabetes. The MHC accounts for approximately 50% of the genetic risk for
T1D, yet there is no clear role of the MHC in T2D. This region harbors human leukocyte antigen
(HLA) genes that are the strongest predictors of T1D risk*’ in particular, MHC class Il HLA
genes encode highly polymorphic antigen-presenting proteins (DR, DQ, and DP; Figure 1)[28,
29]. The MHC class I genes HLA-A and HLA-B have also been pinpointed through conditional
analyses as increasing T1D risk[30]. However, a signal from the HLA-B locus has Another has
emerged in a T2D GWAS meta-analysis in African Americans along with a signal from the INS-
IGF2 locus, which has been strongly implicated in LADA[31], further suggesting potential
misclassification among those diagnosed with T2D.



Association of T1D and T2D signals in LADA
Multiple loci are robustly associated with T1D and T2D[26, 27, 32-34]. Established GWAS-

implicated loci for these diseases have subsequently been investigated in multiple cohorts of

European cases diagnosed with adult autoimmune diabetes[31, 35, 36]. In particular, candidate
locus association analyses and the use of genetic risk scores suggest that LADA is genetically
closer to T1D[35]. However, the genetic load of the strongest T1D risk loci in LADA,
particularly HLA, INS, PTPN22 and SH2B3, is less severe than in childhood-onset T1D,
potentially accounting for the later disease age-at-onset of LADA. Several studies have shown
that T2D genetic risk, particularly at the TCF7L2 and HNF1A loci, is also associated with
LADA. However, the role these T2D loci play in LADA has been inconsistent across the
different cohorts studied, such as TCF7L2 being associated in Swedish and Finnish cohorts but
less so in a cohort of individuals from the United Kingdom and Germany[31, 35]. Still, there is
an emerging picture for a role for the TCF7L2 locus in the pathogenesis of autoimmune diabetes,
where it has been implicated in T1D heterogeneity[37]. In particular, T1D carriers of the
TCF7L2 risk allele are associated with less severe immunological and metabolic phenotypes in
an age—dependent effect (>12 years at diagnosis being the cut-off above which the association
was noted)[38]. Therefore, it is unclear to what extent T2D loci contribute to the onset of LADA,
but these recent studies suggest a T2D-like pathophysiological mechanism for a subset of
affected individuals. A study of diabetes cases from Hungary[39] suggested that body mass
index (BMI) influences the genetic effect on LADA risk, such that the lower the BMI, the higher
the T2D genetic effect in LADA, as also predicted in a smaller American study[37]. Overall,
much larger studies are warranted to detect potentially novel associations unique to LADA or
genetic modifiers that delay the onset of autoimmune diabetes. However, it is evident that the
HLA locus plays a strong role in LADA and is thus a key genomic region to search for unique

features that can aid in disease classification.

TID susceptibility HLA haplotypes role in LADA

Specific HLA haplotypes, which are sets of alleles inherited together from a single parent,
have been shown to be significantly associated with T1D. In particular, the haplotypes HLA-DR3
and HLA-DR4 play a consistent role across multiple ethnicities[40-45]. Moreover, there is a

greater increase in risk for patients with DR3/DR4 heterozygosity than those with only the DR3



haplotype. HLA-DR9 and HLA-DR15 have also been observed as significantly associated with
T1D world-wide[43, 46, 47]. In a major Chinese study, protective T1D haplotypes were enriched
in LADA compared to T1D, while, conversely, susceptibility T1D haplotypes were diminished
in LADA when compared to T1D[43]. Perhaps not surprisingly, another study in the same
Chinese population comparing LADA and T2D found that these T1D susceptibility haplotypes
had a significantly higher frequency in LADA cases (63.9%) than in either T2D cases (47.1%) or
controls (43.2%); indeed, the converse was also observed for the frequency of protective
haplotypes (LADA: 22.8%; T2D: 33.3%; controls: 32.7%)[48]. Taken together, these findings
support the idea that the HLA region contributes to LADA, although attenuated when compared
to childhood-onset T1D. In-depth comparative analyses of this HLA region have not been

performed to date.

Population-specific susceptibility

Susceptibility at the HLA region also appears to present with population-specific signatures
that should be carefully considered due to the extensive haplotypic diversity of this genomic
region across ethnicities[43, 49-51]. For instance, there are two subtypes of the European T1D
susceptibility haplotype DR3, namely HLA-DRB1*0301 and HLA-DRB1*0302, which confer
opposite effects in African Americans, where HLA-DRB1*0301 is a strong risk haplotype and
HLA-DRB1*0302 is highly protective[46]. Populations of African ancestry have shorter stretches
of linkage disequilibrium between markers than other ethnicities, given that this ethnicity is
relatively ancient and thus enough time has elapsed to allow for more recombination events to
occur; as a result, there is greater haplotypic diversity, which can also help narrow down the
causal regions for a particular disease. Additional genetic studies of populations of African
ancestry investigating the role of HLA and non-HLA alleles in both T1D and LADA are
warranted to further understand the genetic etiology of autoimmune diabetes and would indeed
have great utility in fine mapping these key regions in order to better understand how they
operate in the pathogenesis of both of these related diseases. This is particularly important, given
that populations of African ancestry have been disproportionately impacted by a rise in diabetes,
most notably T2D, principally due to the upturn in obesity prevalence, economic development

and urbanization.



GLOBAL PREVALENCE OF DIABETES

Diabetes is dramatically on the rise across the globe. Based on the studies available, the
overall rate of diabetes is approaching epidemic levels, with a global prevalence projected to
reach 10.4% by 2040, and with 5 million deaths as of 2015[52]. T2D is by far the most prevalent
form of diabetes[1], accounting for approximately 90-95% of total diabetic cases world-wide,
totaling approximately 400 million adults[52]. Additionally, an increased rate of obesity and rise
in socioeconomic status has been shown to influence the rate of T2D[53]. In contrast, T1D
makes up only a small percentage (4-10%) of the total burden of diabetes worldwide but has a
stronger genetic etiology and has clear variation in prevalence around the world[54, 55]. In 2013,
worldwide prevalence estimates indicated that there were almost 500,000 children under the age
of 15 years old with T1D, with the largest populations being in Europe and North America[54,
56].

The recent increase in T1D prevalence in certain areas could be explained by an
environmental effect, such as that proposed in the hygiene hypothesis[57], which posits that an
environment with a high incidence of infectious diseases protects against allergic and
autoimmune diseases. However, there is a paucity of well-powered studies which have
systematically addressed the prevalence of T1D in the under-developed regions of the world.
Despite the limited studies available, the epidemiological studies performed thus far have shown
T1D to be widespread, with an overall increase in the number of new cases per year (incidence
rate) especially in young children. However, trends reported on T1D are likely only available
from countries with well-established public health and diabetes research programs. Therefore,
there is a need for comparable research on T1D in developing countries. Additionally, many of
the T1D studies reported represent the prevalence in children, even though approximately one
out of four cases are diagnosed with T1D in adulthood[58]. For example, a recent study[59]
demonstrated that T1D is almost as common in adulthood as in childhood using genetic risk
scores (GRS) to genetically identify T1D cases in a cohort with adult-onset diabetes. The GRS in
this particular study was based on data from a cohort of childhood-onset T1D, the majority of
which were diagnosed under the age of 16 years. However, substantial evidence points towards
age-dependent differences in the genetic risk to develop autoimmune diabetes. Specifically, the
genetic risk to develop autoimmune diabetes declines with increasing age-at-diagnosis without a

clear cut-off but in a graded fashion[60-62]. Additionally, LADA was not addressed in the recent



cohort study[59] yet a proportion of diabetes cases genetically defined as T1D using a childhood-
onset T1D derived GRS did not need insulin at diagnosis. Those defined as T1D represented
only 22% of the whole cohort on insulin treatment and only 66% of those developing
ketoacidosis. Therefore, it currently remains unclear how to discriminate T1D and LADA.
Consequently, the prevalence rates reported for these subtypes of diabetes should be carefully
interpreted.

In contrast to T1D and T2D, there have been much fewer studies conducted on LADA,
especially in ethnicities beyond European ancestral populations, with existing studies being
somewhat underpowered. Additionally, the validity of autoantibody measurements and the
application of diagnostic criteria may differ significantly across regions, and in turn is likely to
influence prevalence estimates, leading to overly conservative reports and conclusions. Here, we
report global trends in LADA and highlight how they compare to the two more classic forms of

diabetes across populations of European, African, Asian and Middle Eastern ancestry.

Prevalence of diabetes subtypes in populations of European Ancestry

Approximately 5-12% of cases in European populations with apparent T2D are in fact
misdiagnosed LADA cases[2, 4, 13, 63-70](Table 1). However, trends in LADA diagnosis
across European populations have been shown to differ even between regions within a given
country, especially between population-based and hospital clinic-based cohorts. For instance,
there is a dramatically lower prevalence of LADA in a population-based study Northern Italy
(0.19%) [70] when compared to a much larger study of subjects recruited throughout Italy from
hospital clinics (6.6%)[71]. The reason for this discrepancy is likely due to the greater metabolic
severity of LADA so hospital clinics are more likely to be enriched for these cases. Indeed, there
is also regional variation reported across Spain, where the south of the country has a higher
prevalence rate of LADA compared to the north (10.9-14.7% vs 5.6-7.2%, respectively)[72].
These discrepancies could be attributed in part to sample size; however, genetic and
environmental factors could well be influencing LADA prevalence, an idea that is supported by
the wide range in disease prevalence observed across the globe. An unexplored area is the
proportion of cases with transient autoantibodies who therefore show as autoantibody negative
but otherwise have most of the features of LADA. This possibility was highlighted in a recent

large (n=14,775 cases) population-based study from Scandinavia of adult onset diabetes, in



which 6.4% had LADA but 17.5% had the same features including low C-peptide levels but
were autoantibody negative[73].

The prevalence of T2D in Americans of European ancestry was 10.2% in one study in
2014[27]. Indeed, the United States had the third highest number of adults with diabetes
worldwide as of 2011, after China and India (Table 2). Although approximately 60% of the total
population in the USA are of European ancestry, this high prevalence rate could be influenced by
admixture of genetic risk from other ethnicities or from specific environmental factors[74].
Additionally, the vast majority of adult-onset diabetes cases have T2D; therefore, these
prevalence rates are driven by trends in T2D diagnoses. Thus, assuming 8% of T2D cases are
LADA cases and 90% of diabetes cases are diagnosed with T2D, the prevalence of LADA in
European populations is substantially higher than previously reported prevalence of T1D in the
same ancestral group (~0.3%)[75-77]. T1D, however, is by far the most common type of
diabetes in children and adolescents and is more frequent in populations of European

ancestry[75].

Prevalence of diabetes subtypes in populations of African Ancestry

The estimated prevalence of diabetes in adults across Africa ranges widely, but is overall
lower than in other parts of the world (Table 2)[52]. Despite the African region having the
lowest world-standardized prevalence of diabetes in adults, this region is also expected to have
the world’s largest proportional increase of adults with diabetes (Table 3)[52, 78]. On average
3% of the adult population in Africa has diabetes. To put these numbers in context, in Africa
approximately 90% of diabetes cases have T2D[79], with a high proportion of cases with
undiagnosed diabetes, over two thirds of cases being unaware that they have the disease[80]. The
majority of people in Africa with T2D live in cities, despite the population being predominantly
rural, suggesting that environmental factors like urbanization play a major role in susceptibility.
In fact, the reported prevalence of T2D can vary largely between rural and urban areas[44, 45,
81, 82].

There is also a lack of corresponding published studies on T1D in Africa, presumably leading
to inaccurate incidence/prevalence estimates. Studies from Nigeria, Zambia, and Tanzania have
principally driven the estimated incidence and prevalence rates. However, in 2010,

approximately 35,700 individuals in Africa (excluding North Africa) were said to be diagnosed
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with T1D[56]; reflecting a very low incidence rate of less than 1 per 100,000 individuals as
reported in Tanzania and Ethiopia, though based on previously diagnosed cases and not on
population screening[56]. Additionally, poor healthcare and high mortality rates leave many
cases unaccounted for in such estimates[83].

It has been reported that 10-14% of West Africans with apparent T2D cases are
misdiagnosed, higher than their European counterparts (8-10%)[84-87] (Table 1). However,
there may be a lower LADA prevalence in East Africa, most obviously in Kenya (5.7%)[88].
However, these findings should be interpreted carefully given differences in study design,
selection criteria and potential variation in access to healthcare. Additionally, current studies
have been largely concentrated in West Africa, and therefore further studies expanding to regions
throughout Africa are still required. Larger studies will undoubtedly lead to more accurate
comparisons of LADA prevalence between populations of European and African ancestry.

Prevalence of diabetes subtypes in African-American populations
There remains very limited research on the prevalence of LADA in African Americans, as

the relative scarcity of study sample collections continues to be a challenge. There is currently
only one study of LADA in African Americans, where diabetes-associated autoantibodies were
measured in 295 non-Hispanic black adults resulting in 4.7% of subjects being autoantibody
positive[69]. This prevalence estimate was significantly different from the frequency of
autoantibody positive nondiabetic controls (1.3%) and was significantly lower than the frequency
of autoantibody positive non-Hispanic whites (8.6%) that were examined in the same study. In
this particular analysis, there was a higher prevalence of autoantibody positive non-insulin
requiring diabetics in non-Hispanic white adults than in non-Hispanic black adults (Table 1).
With respect to T2D and the difference in incidence between those with European and
African ancestry, racial admixture should also be taken into account when addressing prevalence
estimates of diabetes in African Americans. One of the highest prevalence rates of T2D has been
seen in African Americans (18.7%) compared to 10.2% observed in European Americans[89].
This African American prevalence estimate is likely due to socioeconomic and behavioral risk
factors that have resulted in relatively unhealthy lifestyles and higher rates of obesity[90].
However, and in support of a genetic influence, African-European mixed-ancestry individuals

have a higher risk of T2D compared to those of European ancestry alone[91]. Indeed, one
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American study, which considered racial admixture, found a 30-40% increased risk of T2D for
those in the highest versus lowest tertile of African ancestry [92]; thus, African Americans with a
higher admixture of African ancestry are shown to be at a higher risk for T2D. Although T2D is
more prevalent in African Americans than Africans[93], this increased prevalence has been
observed in both African[44] and Asian migrants[94, 95], suggesting a strong impact of
environmental factors also contributing to the progression of T2D.

Similarly to LADA, the T1D prevalence in African Americans has also been reported to be
relatively less prevalent than in European Americans (approximately 1.62 per 1000 individuals
as of 2009 versus 2.55 per 1000 individuals, respectively)[77]. Furthermore, one study observed
a higher incidence of T1D among African American children living in Allegheny, Pennsylvania
(11.8 per 100,000) than in Jefferson County, Alabama (4.4 per 100,000)[93], where the genetic
admixture is 21.2% and 17.0%, respectively. These results likely reflect European Americans
being at higher risk for childhood-onset T1D than African Americans. The trend in LADA
diagnoses in racially admixed individuals remains unclear, and more studies with larger samples

are needed to fully understand the epidemiology of LADA in African American populations.

Prevalence of LADA in Asian and Middle Eastern ancestry

Asian Ancestry

Despite the high prevalence of T2D in populations of Asian ancestry, LADA prevalence
when compared to populations of European ancestry has been reported to be generally lower in
China, Japan, Korea and India (2.5-9.2%) (Table 1)[48, 96-102]. In a study comparing a
European ancestry cohort with three ethnic groups from Singapore (Indian, Malay and
Chinese)[103], glutamic acid decarboxylase (GAD) autoantibodies were more frequent in the
European cohort, while islet antigen 2 (1A-2) antibody positivity was higher in the Asian ethnic
groups. Specifically, GAD autoantibody positivity was 13.9% in the white European cohort
compared to 11.4% positivity in Indian, 6.0% in Malay and 5.8% in Chinese participants[103].
An even higher prevalence of LADA was observed in a small hospital-based study in Kerala,
India[104] where 25% of 83 lean patients with apparent T2D were positive for GAD

autoantibody(Table 1). However, studies based on hospital patients are more likely to show a
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greater frequency of autoantibody positive patients given that they have a more severe disease, as
noted above. Overall, countries across Asia have collectively reported a relatively lower
prevalence of LADA compared to European and African ancestral groups.

Populations of Asian ancestry, however, have the highest frequency of overall diabetes
compared to populations of European and African ancestries. India and China combined are
projected to comprise more than 30% of all diabetes cases in the world. China has one of the
highest prevalence of diabetes among East and South East Asian countries, where an estimated
109 million adults have diabetes (Table 2). Despite the high prevalence of T2D in populations of
Asian ancestry, the T1D prevalence and incidence rates are reported to be relatively low[77,
105]. Indeed, China is considered to have the lowest recorded T1D incidence in childhood, while
LADA is by far the most common form of autoimmune diabetes in this country. Collectively,
however, both T1D and LADA have a lower prevalence in Asia, with T2D being by far the most

prominent form of diabetes in this part of the world.

Middle East and North Africa

The prevalence of LADA in Middle Eastern countries has been reported to be up to 14%
(Table 1)[14, 106]. In contrast, a large cross-sectional population-based study in the United
Arab Emirates reported LADA and classic T1D in 2.6% and 0.2% respectively of 17,072
subjects with adult-onset diabetes (>30 years) [14]. Prevalence rates of adult-onset diabetes vary
substantially across Africa and the Middle-East.

Saudi Arabia and Egypt have the highest prevalence rates of adult onset diabetes (20.2% and
15.6% respectively), while Afghanistan and Yemen have the lowest (6.3% and 6.1%,
respectively). Overall, both the Middle East and North Africa experience a high prevalence of
adult diabetes (9%)[52, 80]. According to the International Diabetes Federation, the total number
of adults with diabetes in the Middle East is predicted to see the largest increase in the
prevalence of diabetes over time[78]. A high T1D prevalence has now been reported in the
Middle-East (Table 2); Saudi Arabia had a highest prevalence of children with T1D in 2013,
accounting for approximately a quarter of the region’s total classic T1D population[80], but the
incidence rates in Kuwait have recently been reported to be amongst the highest in the
world[107]. Given these strikingly high prevalence estimates in Middle Eastern countries for
bothT1D and T2D, but also a potentially for LADA cases, this region would particularly benefit
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from improvements in classification of diabetes subtypes. Additionally, more research on LADA

in the Middle East is required.

In conclusion, the majority of autoimmune diabetes studies have, thus far, been in
populations of European ancestry, with only limited research conducted in other ethnicities,
which are almost invariably underpowered and scientifically limited. Childhood-onset T1D is
known to be more prevalent in populations of European ancestry compared to populations of
African ancestry, but strikingly the converse can be true for adult-onset autoimmune diabetes
including LADA. Indeed, the prevalence of LADA varies across the Middle East and Asia.
Unfortunately, populations most likely affected by this adult-onset form of autoimmune diabetes
frequently have the least access to autoantibody screening, hampering efforts to distinguish
LADA from T2D. Only with proper diagnoses and ascertainment of individuals afflicted with

LADA from large populations of diverse ancestries can genetic studies be implemented.

IMPORTANCE OF AUTO-ANTIBODY SCREENING

Given the likely high, failure to identify LADA patients, even in Europe, more extensive
autoantibody screening would be valuable. As noted earlier there are a number of clinical
implications in making that distinction between LADA and T2D. Autoantibodies are biomarkers
of autoimmunity with clinical value in the prediction and diagnosis of autoimmune diseases as
well as disease management, e.g. tissue transglutaminase autoantibodies in coeliac disease[108].
In addition to GAD, three additional autoantibodies are highly predictive of adult-onset
autoimmune diabetes, namely islet cell autoantibodies (ICA), 1A-2 autoantibodies and insulin
autoantibodies (IAA)[108]. In certain populations, notably the Chinese in whom the frequency of
GAD and IA-2 autoantibody positivity is low, zinc transporter (ZnT8) autoantibodies serves as
an additionally marker that has been shown to improve diagnostic sensitivity on the basis of
GAD and IA-2 autoantibody positivity[109].

Notably, 1A-2 autoantibodies against a specific epitope, is associated with increased BMI in
patients with T2D[18] and patients positive for IA-2 autoantibodies to this epitope had a

substantially slower progression to insulin requirement than patients who were only GAD
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autoantibody positive. These observations have led to two hypothesized mechanisms by Buzzetti
et al. for the onset of LADA, which proposes that diabetes can result from either chronic
inflammatory responses in individuals with obesity or through classic T1D autoimmune response
in leaner individuals [110]. However, an alternative explanation could be that autoantibodies are
not necessarily pathogenic unless they recognize certain epitopes of an antigen. As with 1A-2
autoantibodies, we have found that autoantibodies to the carboxyl-terminus of GAD are
associated with a different clinical profile (younger and leaner with more multiple
autoantibodies) and increase risk of progression to insulin therapy compared with autoantibodies

to the amino-terminus of GAD alone (unpublished; in press).

The heterogeneity of LADA is also evident not only in those cases in which autoantibodies
are present but also in the varying levels of these autoantibodies. The distribution of GAD titers
across LADA patients has been shown to be bimodal in some populations, resulting in two
subgroups with distinct characteristics[48, 64, 65]. However, more detailed analyses of
bimodality, specifically performed on untransformed assay signals, should be performed.
Typically, those with high GAD titer are younger[68, 111] with lower BMI, lower prevalence of
metabolic syndromes[63], higher levels of HbAxc, lower C-peptide levels and a higher frequency
of other diabetes-related autoantibodies (Figure 1)[48]. As a result, this particular subgroup
resembles T1D more closely than individuals with lower GAD titer; alternatively, those with low
GAD titer have metabolic presentation and loss of -cell function that resemble a phenotype
more closely aligned with T2D[112]. This observation resonates with patterns seen in a cohort of
individuals recently diagnosed with childhood-onset T1D, where those who were positive for a
single autoantibody (among those >12 years old) were associated with T2D-associated TCF7L2
locus, and had higher C-peptide and lower glucose levels in an oral glucose tolerance test[38,
113].

The presence of a single autoantibody alone, however, cannot be relied on for a categorical
diagnosis of adult-onset autoimmune diabetes given the potential for false positive and false
negative assay results, as well as the variation in observations across racial/ethnic groups [114].

Notably in cross-sectional study[115] in Ethiopia measuring islet-cell associated antibodies in
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T1D,T2D and non-diabetic controls, |A-2 autoantibodies were absent in all groups , suggesting
that the clinical utility of 1A-2 autoantibodies may be limited in some populations. Furthermore
individuals with LADA in China, India and Sri Lanka also have lower average autoantibody
titers, especially for GADA and IA-2 autoantibodies, than their European counterparts, making
LADA much more challenging to diagnose in these populations[48, 116, 117]. Given that some
autoantibodies are less prevalent in certain populations, it is crucial to measure more than one
marker in these populations to capture the true frequency of autoimmune diabetes.

Despite a high frequency of misdiagnosed cases and the availability of clinical screening
tools for identifying LADA risk[118], antibody screening is not commonly in practice and is
usually limited to only those who are considered to be at very high risk (invariably, young adults
who are lean with a high HbA1c [119, 120]. However, this approach will miss a substantial
number of cases and the point has been made elsewhere that it is challenging to clinically
identify adult-onset autoimmune diabetes, particularly LADA, because a proportion of them can
be obese, with metabolic syndrome and mild metabolic dysfunction[4]. Current standards for
high risk patients still dismiss true LADA cases as a consequence of stringent criteria, such as
high BMI[63]. Thus, identifying at risk patients through routine autoantibody screening for adult
onset autoimmune diabetes will substantially decrease the amount of misdiagnosed cases and
ultimately reduce the substantial burden to health care costs. Development of oral therapy used
to treat T1D, e.g. SGLT2 inhibitors (sotogliflozin)[121], and immune therapy to limit the
immune effect would add weight to this argument.

CONCLUDING REMARKS

Despite the limited number of LADA studies in the ethnicities highlighted in this review, and
the challenges in defining the trait, this disease appears to be more prevalent than T1D,
particularly among populations of African ancestry. A proportion of T2D are misdiagnosed
LADA cases irrespective of ancestry, and this misdiagnosis rate is perhaps highest in cases of
West African ancestry. It is unclear whether diagnostic practices are significantly different across
regions, impacting prevalence estimates; thus the differences between African and European
ancestries will require larger studies to fully understand these differences and determine if

differences are genetically or environmentally determined. Furthermore, the prevalence of
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autoantibody positivity in diabetes cases with Asian ancestries is lower than in European
populations with misdiagnosis likely due to relatively low levels of GAD autoantibodies.
Screening programs designed for populations at risk should enable earlier intervention with
improved metabolic outcome, appropriate therapy and improved identification of co-morbidities
[8, 53].

Finally, genetic studies are particularly needed in African and Asian populations to identify
ancestry-specific genetic susceptibility loci for autoimmune diabetes, most specifically LADA.
Of the studies published, sample sizes have been relatively small and thus statistically
underpowered to fully dissect the issues raised in this review. The polymorphic nature of the
MHC region means that the frequency of susceptibility and protective alleles vary widely
between and within ethnicities, further highlighting the need for population-specific studies.
Future studies should focus on comparing genetic features among different subtypes across
ethnic groups affected with diabetes in order to further improve prognosis, diagnosis and
treatment of diabetes mellitus, and ultimately allowing us to move beyond depending solely on

autoantibodies to make such diagnoses.
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