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Chronic graft-versus-host disease (cGvHD) is a systemic alloimmune and autoimmune disorder and a major late complication of allogeneic hematopoietic stem cell transplantation (alloHSCT). The disease is characterized by an altered homeostasis of the humoral immune response. Immunoglobulin G (IgG) glycoprotein is the main effector molecule of the humoral immune response. Changes in IgG glycosylation are associated with a number of autoimmune diseases. IgG glycosylation analysis was done by the means of liquid chromatography in the National Institutes of Health (NIH) cohort of 213 cGvHD patients. The results showed statistically significant differences with regards to cGvHD NIH joint/fascia and skin score, disease activity and intensity of systemic immunosuppression. ROC analysis confirmed that IgG glycosylation increases specificity and sensitivity of models using laboratory parameters and markers of inflammation associated with cGvHD (eosinophil count, complement components C3 and C4 and inflammation markers: albumin, CRP and thrombocyte count). This research shows that IgG glycosylation may play a significant role in cGvHD pathology. Further research could contribute to the understanding of the disease biology and lead to the clinical biomarker development to allow personalized approaches to chronic GvHD therapy.
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Introduction

Chronic graft-versus-host disease (cGvHD) is a serious late complication of the allogeneic hematopoietic stem cell transplantation (alloHSCT) associated with an increased non-relapse mortality rate, disturbed physical and functional status and reduced life quality of surviving patients. The disease affects approximately 50% of patients after alloHSCT with clinical features resembling aspects of many different autoimmune disorders. It is caused by a disparate immunological system interacting with a new (and perceivably foreign) host environment in a potentially curative attempt to replace the diseased immunity with a graft from a healthy donor and produce the protective graft-versus-tumor effect. The whole mechanism of this multisystemic disease remains to be elucidated (1). The disease is characterized, among other, by an altered homeostasis of the humoral immune response and the production of allo-/auto-antibodies.

The National Institutes of Health (NIH) consensus on cGvHD in 2005 (and updated in 2014) enabled standardized and systematic approach to cGvHD and uniform collection of clinical data (2, 3), and also defined the basic principles for biomarker development (4, 5). Despite some promising plasma biomarkers and cellular subpopulations being identified which should be further studied in verification studies (4), to date research has not provided the necessary biomarker whose activity matches clinical observations of severity and/or disease activity. This remains one of the major obstacles in cGvHD research: the absence of suitable biomarkers that would predict disease occurrence, or provide more accurate initial diagnosis, as well as prognose or assess its therapeutic response. In general, the search for a suitable cGvHD biomarker is greatly delayed compared to that of the acute GvHD due to the wider range of manifestations, large variation among patients in terms of time to onset and severity, overlap with acute form, and the insufficient number of patients available for clinical studies and verification.

Modern experimental methods and recent exponential development of the so called –omics technologies enable researchers to analyze a large number of samples in a short time period, characteristics most desirable when discussing tracking of the disease dynamics. In the course of the quest for a cGvHD biomarker, the advancement of modern -omics tools should be exploited. One such tool is glycomics, which has been declared a research priority over the next decade since it has been recognized that glycans are directly involved in the pathophysiology of any major disease and that the further development of this scientific discipline is necessary to achieve the goals of personalized medicine (6).

Glycans are non-linear branched oligosaccharides directly involved in almost every biological process. Glycoproteins are glycoconjugates in which glycans are covalently linked to a polypeptide backbone, leading to the most structurally diverse posttranslational modification of proteins, affecting its conformation and its biological functions (7). One of the most analyzed glycoprotein is immunoglobulin G (IgG), the most abundant class of antibody in the human plasma and the main effector molecule of the humoral immune system (8). The IgG glycan consists of the biantennary heptameric core (three mannose and four N-acetylglucosamine residues) and possible additions of N-acetylglucosamine, fucose, galactose, and sialic acid residues. Effector functions of IgG can be completely changed by the addition or removal of a single monosaccharide residue from its glycans, thus affecting its ability to bind to Fc receptors of various immune cells (9). For example, lack of core fucose increases affinity for FcγRIIIa receptor leading to an improved effector function (10).

Changes in IgG glycosylation are associated with a number of inflammatory conditions, autoimmune and hematological diseases (11, 12) with promising results in the biomarker research and disease pathophysiology understanding, thus suggesting its huge research potential also in the field of GvHD (13).

In this work we analyzed an association of IgG glycan structures with clinical manifestations of a well annotated large cohort of cGvHD patients.



Materials and Methods

Blood plasma samples of cGvHD patients were collected from 2004-2014, as a part of a clinical cross-sectional study “Natural History Study of Clinical and Biological Factors Determining Outcomes in Chronic Graft-Versus-Host Disease” (04-C-0281, clinicaltrials.gov identifier: NCT00331968) conducted at Center for Cancer Research, National Cancer Institute, NIH). Before entering the study, all subjects signed an informed consent approved by the NIH Ethical Committee. According to the study protocol, all subjects (aged 1-75) went through the 4-day multidisciplinary evaluation of cGvHD. For each patient a detailed medical history was collected, including demographics (gender, age), pre- and post-transplant details (primary disease and its status at the moment of transplantation and cGvHD evaluation, pre-transplant conditioning, early complications, previous acute GvHD, infections), donor and graft information (donor’s gender and age, HLA matching, stem cell source) and cGvHD characteristics (disease onset, classification, symptoms, previous and current therapy). Subjects who had received intravenous immunoglobulins (IVIg) within 3 months prior to study entry were excluded from this study, to avoid interference with patients’ IgG glycan analysis. After a physical examination by hematologist, a series of specialist examinations were done along with extensive laboratory processing that included the determination of laboratory markers of inflammation. Cryopreserved samples of heparinized blood plasma were sent to Genos Ltd. (Zagreb, Croatia). IgG was isolated, deglycosylated and glycans analyzed by hydrophilic-interaction ultra-high performance liquid chromatography (HILIC-UHPLC). These methods were described in detail in previous publications (14, 15). The results of UHPLC analysis were in a form of 24 chromatograpic peaks (directly measured parameters). For every directly measured parameter (glycan peak, GP) a percentage of the total IgG glycome was calculated. Additionally, derived parameters (IGP) were determined which represent the share of a group of glycans of similar structural characteristics in the total IgG glycome (e.g. IGP25: the percentage of sialylation of fucosylated galactosylated structures with bisecting N-acetylglucosamine (GlcNAc) in total IgG glycans). Differences in abundances of IgG glycan traits were also observed: fucosylated glycans (all structures with core fucose), galactosylated and agalactosylated glycans [all structures with/without antennary galactose(s)], sialylated glycans (all structures with one or two terminal antennary sialic acids) and glycans with bisecting GlcNAc attached to the glycan core.

Disease NIH cGvHD scores, both global (mild, moderate and severe) and for individual organs (skin, mouth, eyes, liver, gastrointestinal tract, liver, joints/fascia, genital tract for women; none, mild, moderate and severe) were determined according to the established 2005 NIH classification for cGvHD (2). Disease activity was defined by previously described scales (16): clinician’s impression of activity (active versus non-active disease), intensity of systemic immunosuppression at the time of evaluation (1-4) and therapeutic intent at the time of evaluation. Disease was considered more active if the need for systemic immunosuppression was higher or if the practitioner decided to increase systemic therapy due to worsening disease, to substitute systemic therapy due to lack of response or withdraw systemic therapy due to lack of response.


Statistical Methods

The experimental design was carried out using appropriate methods (such as randomization) where gender and age parameters were taken into account. The results of the experiment went through quality checks using replicates and standards before statistical analysis. Appropriate descriptive statistics (median, range, maximum and minimum values) was used in the statistical processing of the obtained results.

Since IgG glycans often deviate from the normal (Gaussian) distribution, univariate analysis was performed using the non-parametric tests (Wilcoxon) with a goal to detect significant glycan structures. The significance level for the p value was adjusted according to the Bonferroni correction for multiple testing. The results were considered significant if the p value was less than 0.05.

Because glycans are largely correlated, principal components analysis (PCA) method was used to obtain condensed uncorrelated glycan variables (glycans’ principal components, ‘glycansPC’). This method enables transforming a large set of variables into a smaller one that still contains most of the information in the large set. A large number of collected laboratory parameters (Supplementary Table S1) was reduced as follows: individual clinical laboratory parameters of interest related to cGvHD identified by literature search [eosinophil count, C3, C4 and inflammatory markers: albumin, CRP and platelet count (16)] while the rest of laboratory parameters were reduced to an uncorrelated set of variables by the means of PCA (‘labsPC’ variables). These variables were used for further analysis by logistic regression in order to assess the discriminatory potential of IgG glycans in the detection of presence/absence of cGvHD in individual organ systems, and disease activity (active/non-active). Scores describing disease severity and activity were also reduced to fewer categories as follows (also see Table 1):

	-cGvHD disease score:

	 ○ Individual organ NIH cGvHD scores: patients with mild, moderate and severe specific organ involvement were grouped together and compared to patients with no corresponding organ involvement

	 ○ Global NIH cGvHD score: patients with mild and moderate cGvHD were grouped together and compared to patients with severe form

	-cGvHD activity score:

	 ○ intensity of systemic immunosuppression at the time of evaluation: patients with no immunosupression were grouped with the ones categorized as mild intensity, and compared to patients with moderate and high intensity

	 ○ therapeutic intent at the time of evaluation: patients whose therapy was decreased or remained unchanged were compared to patients whose therapy was needed to be replaced or discontinued due to inadequate response

	 ○ clinician’s impression of activity: patients with active versus patients with non-active disease (irrespective of the topical or systemic immunosupression).




Table 1 | Characteristics of cGvHD patients and their clinical laboratory parameters.




ROC curves depicting previously described variables were used to describe specificity and sensitivity of glycans’ discriminatory potential. ROC curves for glycan measurements model were compared to ROC curves built on laboratory parameters model (including markers of inflammation), and finally to the ones combining both of the mentioned. An area below the ROC curve greater than 0.9 indicates an excellent model, while an area of 0.8-0.9 is considered very good.




Results


Patient Characteristics

Out of initially 262 blood plasma samples of cGvHD patients received, 20 samples were excluded because of the contamination (2) or unsatisfactory sample quality and/or low IgG concentration (17). Another 29 samples were excluded because of IVIg treatment within 3 months of sample collection.

Therefore, IgG glycome composition was analyzed in 213 cGvHD patients [56.8% male; median age 45 years (range 5-71)]. Majority received myeloablative conditioning (56.8%), had related donors (60.1%), peripheral blood hematopoietic stem cells source (77.9%), and history of a previous acute GvHD (66.2%). Most subjects were transplanted because of leukemia (64.8%) or lymphoproliferative disease (28.2%). These characteristics and variables describing the nature of their cGvHD are given in Table 1. Laboratory markers of inflammation (15) and other laboratory parameters listed in the literature as relevant to cGvHD are also presented in Table 1, while the rest of them are given in the supplemental material (Table S1).

Glycan measurements were tested against all of the patients’ characteristics and information on the onset and course of cGvHD listed in Table 1 and did not yield any significant results.



UHPLC Glycan Analysis


NIH cGvHD Organ Scores

Statistically significant values were observed when comparing the glycans of cGvHD patients with no joint/fascia affected by cGvHD versus those with NIH grade 1 (mild), NIH grade 2 (moderate) or NIH grade 3 (severe) cGvHD of joint/fascia, irrelevant of other organ involvement. The results of the direct measurements as well as the derivative properties show a significant decrease in the proportion of galactosylated structures with higher NIH score.

Change was often observed in two or even all three degrees of severity of joint/fascia involvement for the following galactosylated glycan structures GP8, GP14, GP15, GP18, IGP47, IGP48, IGP53, IGP54, IGP56, IGP57. The analysis indicated an increase in the proportion of agalactosylated structures (GP4, IGP43). An increase in the proportion of sialylated structures was also observed (IGP25, IGP29, IGP30, IGP31, IGP33), as well as a decrease in the proportion of fucosylated structures (F, IGP76). Statistically significant, higher proportion of directly measured structures with branched GlcNAc and derived parameters suggesting an increase in its proportion were also characteristic for the group of patients with joint/fascia cGvHD (GP6, IGP36, IGP37, IGP38, IGP39, IGP40, IGP45, IGP74, IGP75, IGP77) (Figure 1).




Figure 1 | Significant differences in glycan measurements in patients with no joint/fascia cGvHD and among various degrees of joint/fascia NIH cGvHD scores.



Significant differences were also observed in cGvHD patients without skin cGvHD compared to patients with mild or severe skin NIH cGvHD scores. In patients with skin cGvHD, the proportion of structures with bisecting GlcNAc was statistically significantly increased (IGP36; IGP37, IGP38). A significantly higher proportion was also observed for IGP30 (disialylated of fucosylated digalactosylated structures without bisecting GlcNAc), whereas GP9, the monogalactosylated structure, showed the opposite trend (Figure 2). The complete list of all significant results of the UHPLC analysis is given in Supplementary Table S2. None of the other patients’ NIH cGvHD scores showed any significant differences in glycan measurements (data not shown).




Figure 2 | Significant differences in glycan measurements in patients with no skin cGvHD and among various degrees of skin NIH cGvHD severity.





CGvHD Activity

Statistically significant differences were observed when comparing IgG glycans of patients with active versus inactive disease (by clinician’s impression). Inactive disease was characterized by a decreased proportion of agalactosylated structures (GP4, GP6, IGP45, IGP55), as well as an increased proportion of galactosylated structures (monogalactosylated: GP9, GP18, IGP47, IGP48; digalactosylated: G2, GP14, IGP53, IGP57). An increased proportion of sialylated (S, GP16, GP23, IGP26, IGP27) and fucosylated structures (F, IGP64), and a decreased proportion of structures with bisecting GlcNAc (IGP37, IGP38, IGP68) were characteristic for inactive disease (Figure 3).




Figure 3 | Significant differences in glycan measurements in patients with active and inactive cGvHD (by clinician’s impression).



Statistically significant changes were visible when comparing patients with no or mild versus patients with moderate or high systemic immunosuppression. Higher immunosuppression was characterized by an increased proportion of agalactosylated structures (GP1, GP3, GP4, GP5, IGP41, IGP43, IGP44, IGP55), and structures with bisecting GlcNAc (GP11, IGP39, IGP40, IGP69, IGP74, IGP75, IGP77), as well by a decreased proportion of galactosylated (G2, GP14, GP18, IGP47, IGP53, IGP57), sialylated (GP23, IGP26) and fucosylated structures (F, IGP76) (Figure 4).




Figure 4 | Significant differences in glycan measurements in patients of different degrees of systemic immunosuppression.



No statistical differences were detected when comparing cGvHD activity by therapeutic intent at the time of evaluation (data not shown).

The complete list of significant results of the UHPLC analysis is given in Supplementary Table S2.




Logistic Regression Analysis and ROC Curves


NIH cGvHD Organ Scores

Logistic regression models were built for: A) glycan measurements; B) laboratory parameters (including markers of inflammation), and C) glycan measurements and laboratory parameters combined. These models created for involvement of individual NIH cGvHD organ scores and cGvHD activity were evaluated and compared by using ROC curves which describe specificity and sensitivity of glycans’ discriminatory potential.

The ROC curves of glycan measurements (by the means of PCA) show the following values: NIH cGvHD skin (0.6922), NIH cGvHD mouth (0.6121), NIH cGvHD eyes (0.5732), NIH cGvHD gastrointestinal system (0.6238), NIH cGvHD liver (0.6626), NIH cGvHD lungs (0.6176), NIH cGvHD joints/fascia (0.7263) and NIH cGvHD genital in women (0.5999). Upgrading the model built for laboratory parameters (PCA) by combining glycan measurements shows an increase in the area under the ROC curve of all individual NIH cGvHD organ systems affected by cGvHD: skin (0.7968 → 0.8271), mouth (0.7882 → 0.7932), eyes (0.6779 → 0.7181), gastrointestinal system (0.7149 → 0.7872), liver (0.9200 → 0.9344), lungs (0.7419 → 0.7654), joints/fascia 0.8056 → 0.8668) and the genital system in women (0.8355 → 0.8636).



CGvHD Activity

The ROC curves of glycan measurements for cGvHD activity show the following results: 0.7953 for the clinician’s impression of disease activity and 0.7775 for intensity of immunosuppression. Upgrading the model built by using the main components of laboratory parameters into a model that includes glycan measurements shows an increase in the area below the ROC curve for cGvHD activity parameters: clinician’s impression of disease activity (0.9021 → 0.9140) and intensity of immunosuppression (0.9192 → 0.9418). ROC curves are shown in Figure 5.




Figure 5 | Comparison of areas under ROC curves for discriminant models of individual organ systems with and without cGvHD: (blue) glycans measurements, (red) laboratory parameters and (green) model combining laboratory parameters and glycan measurements.







Discussion

The results of this study for the first time confirm that N-glycosylation of IgG from plasma of well-defined and evaluated cGvHD patients’ cohort is associated with clinical manifestations of cGvHD.

UHPLC glycan analysis of blood plasma samples showed a significant association of individual glycans and changes in their composition with joints/fascia and skin cGvHD, as well as with clinician’s impression of cGvHD activity and intensity of immunosuppression of cGvHD patients.


CGvHD of Joints/Fascia and Skin

A significant decrease in the proportion of directly measured glycans were observed in patients with cGvHD of joints/fascia. The decrease in the proportion of galactosylated glycans was also visible through by a decrease in the derivative parameters representing the proportion or frequency of glycan structures with one or two galactoses. Particularly interesting glycan could be FA2G2 (GP14) which significant decrease can be observed through all three degrees of joint/fascia cGvHD severity. A decrease in IgG galactosylation has been repeatedly associated with rheumatoid arthritis (17–19), while recent studies even indicate that a change in IgG glycan composition can be detected several years before onset and indicates an increased risk of developing the disease (20). The analysis also showed a significant increase in the proportion of GP4 (FA2), an agalactosylated structure. De Jong et al. (21) also describe reduced IgG1 galactosylation, and they consider it to be a biomarker of immune system activation. Additionally, agalactosylated glycans are associated with increased affinity of IgG for FcγRIII (activating receptor) and mannose binding lectin resulting in complement activation (22, 23). The association of the C3 complement component with joints/fascia cGvHD was described in an earlier study (16), and recently confirmed in another population (24). Elevated CRP, a marker of inflammation associated with cGvHD activity (16) was also recently associated to reduced galactosylation (25).

Although IgG sialylation dynamics usually follows galactosylation since the existence of galactose is a prerequisite for the binding of terminal sialic acid, an increase in the proportion of structures with sialic acid was observed in our study. The increase was not determined by measuring direct properties but was evident from derivative properties that describe the sialylation of galactosylated fucosylated structures with or without bisecting GlcNAc.

A reduced proportion of IgG Fc galactosylation was recently described in a longitudinal pediatric study where the authors observed lower levels of galactosylation in transplant patients (both before and after HSCT) versus HSC donors and healthy controls (26). The change was particularly pronounced in the group of patients transplanted for malignant diagnosis (leukemia). Patients with acute or chronic GvHD, IVIg-dependent patients, as well as those on immunosuppressive therapy 7 months after alloHSCT were excluded from this study. The same study described an increased sialylation per galactose unit which was attributed to the increased extrinsic sialyltransferase activity of ST6Gal1 due to radiation or inflammation, and increased availability of CMP sialic acid released upon activation of circulating platelets during the inflammatory process. As most cGvHD patients in this study were transplanted for malignant diagnosis (leukemia), the observed reduced galactosylation and/or elevated sialylation cannot be exclusively attributed to cGvHD. Other observed changes in glycan composition may be due to cGvHD or immunosuppressive therapy.

Unusual dynamics of the sialic acid content could also be explained by its origin from a Fab rather than an Fc fragment of IgG. Studies have shown that in autoimmune (rheumatoid arthritis, Sjögren’s syndrome) but also in malignant diseases (myeloma, Burkitt’s lymphoma, follicular and diffuse B-cell lymphoma), the number of potential glycan binding sites on the Fab fragment increases (27). Authors Holland et al. (28) in their study of ANCA-vasculitis describe hypogalactosylation restricted to the Fc fragment of IgG while the Fab fragment is galactosylated and sialylated. Compared to Fc glycans, Fab glycans are more exposed to glycosidase and glycosyl-transferase activity due to its position, and more frequently tends to bind bisecting GlcNAc, galactose and sialic acid to its less fucosylated heptasaccharide bianntenary core.

An increase in the total proportion of bisecting GlcNAc is associated with an increased affinity for FcγRIIIa and consequently increased antibody-dependent cellular cytotoxicity (ADCC) (29). Simultaneously, a reduced proportion of IgG core fucose was measured, which is thought to have a reciprocal effect from the presence of bisecting GlcNAc (decreasing the affinity for the same receptor). Both measurements speak in favor of increased ADCC. The same was previously observed in systemic lupus erythema (30), a chronic multisystemic disease resembling cGvHD. The study also noted a significant decrease in the aforementioned GP14 (FA2G2), which is therefore considered a good candidate for the predictive biomarker of the disease. GP14 is a glycan that has also been repeatedly linked to ulcerative colitis where it correlates to disease clinical course and its activity (31), and could play a valuable role in disease discrimination. In the same study, GP9 (FA2G1) is attributed the highest predictive value in the analyzed populations, while the authors consider the decrease in galactosylation of IgG and the consequent alteration of the antibodies inflammatory potential as one of the molecular mechanisms involved in systemic lupus erythematosus pathophysiology and/or autoimmunity.

In our study, similar to changes observed in joints/fascia cGvHD, the trend of decreasing galactosylation is also observed in skin cGvHD, while there is an increase in the proportion of sialylation and bisecting GlcNAc. Skin cGvHD is known to coincide with cGvHD of joints/fascia (32), and it is known that the sclerotic form of skin cGvHD significantly reduces joint movement as well as the grip force (33). The association of skin and joints/fascia cGvHD was also confirmed in a recent study in the Croatian cGvHD population (23). It is therefore not unexpected that changes in the IgG glycan profile of skin cGvHD follow the pattern of joints/fascial cGvHD-related changes.



CGvHD Activity

Regarding cGvHD activity, analysis of the samples indicated a lower proportion of agalactosylated glycan structures, as well as a higher proportion of galactosylated structures in plasma samples of patients whose cGvHD was considered non-active. The same samples are characterized by more sialylated and fucosylated structures and a smaller proportion of structures with bisecting GlcNAc compared to the samples of subjects with active cGvHD. Described changes are a possible consequence of the disproportionate number of active cases (101, median age 46.5, range 5-71) versus non-active cases of cGvHD (19, median age 25, range 7-66), as well as the age difference in the two groups. Older age was previously linked with the decrease in the concentration of galactosylated structures (14).

Another indicator of cGvHD activity showed consistent results with the clinical impression of disease activity. In general, statistically significantly higher proportions of agalactosylated structures, reduced proportions of galactosylated and sialylated structures were identified in patients with moderate or high intensity systemic immunosuppression compared to cGvHD patients with mild or no immunosuppression. The increased proportion of glycan structures with bisecting GlcNAc and decreased proportions of fucosylated structures also coincide with the clinical impression of disease activity. Particularly interesting were the structures GP1 (FA1) and GP3(A2B), which were found to be significantly elevated in patients with moderate and high levels of systemic immunosuppression, thus indicating a potentially greater sensitivity to the therapy used and, indirectly, to increased cGvHD activity.



Limitations of the Study

Limitations of this study are relatively small number of patients, cross-sectional design of the study, long time after HSCT and long time after cGvHD diagnosis to plasma IgG glycan analysis, including majority of patients with severe and active disease with several previous lines of systemic therapy and intensive current immunosuppression. However, it is a well defined and thoroughly evaluated cohort of cGvHD patients, with many clinical and laboratory details taking into consideration regarding glycan analyses.



Glycans as a Potential Biomarker for cGvHD

The specificity and sensitivity of glycan measurements as a potential diagnostic test for cGvHD organ involvement as well as disease activity were tested using ROC curves. The ROC curves of glycan measurements were compared with models built using laboratory markers of inflammation, as well as a model that combines both. The analysis found that glycan measurements, although insufficiently specific and sensitive on their own, successfully upgrade models constructed using laboratory markers of inflammation, contributing to a greater predictive ability to discriminate healthy organ systems from those affected by cGvHD. This applies to all organ systems affected with cGvHD (skin, mouth, eyes, digestive tract, liver, lungs, joints/fascia, genital tract in women) as well for scores describing disease activity. In most cases, very good models based on laboratory markers of inflammation, are upgraded to excellent models of high specificity and sensitivity when combined with glycan measurements.

The results of this study for the first time confirm significant associations of IgG glycan structures with cGvHD manifestations, which may contribute to understanding the biology of the disease and lead to the development of a potential biomarker of cGvHD. Further studies are required, preferentially in longitudinal post-transplant cohorts, in order to validate these associations, determine the effect of post-transplant immunosuppression and treatment, and evaluate the potential practical clinical application in the diagnosis and treatment of cGvHD.




Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Center for Cancer Research, National Institutes of Health Ethics Committee. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

EP was the principal researcher and executor of the experiment and paper - this paper is part of her dissertation. DP and SP (also the principal investigator of the clinical study) mentored this research and were clinical researchers of the study. GL, together with previous authors, contributed to the research idea and concept. LD, FP, SM, RV, and DN were part of the clinical research team, also in charge of cGvHD evaluation. IU and MM conducted the statistical analysis. MP-B contributed and supervised the experimental glycan analysis. JR conducted the initial analysis and storage of cGvHD plasma samples. All authors contributed to the article and approved the submitted version.



Funding

This work is supported by the Unity Through Knowledge Fund project entitled “Clinical and Biological Factors Determining Severity and Activity of Chronic Graft-Versus-Host Disease after Allogeneic Hematopoietic Stem Cell Transplantation”, and also, in part, by the Croatian Science Foundation project IP-2016-06-8046 entitled “New biomarkers for chronic Graft-versus-Host disease”. This work is supported by the Center for Cancer Research, Intramural Research Program of the National Cancer Institute, National Institutes of Health, USA. The opinions expressed here are those of the authors and do not represent the official position of the National Institutes of Health or the US Government.



Acknowledgments

The paper was part of the doctoral research thesis (34) written by Ema Prenc and mentored by Drazen Pulanic and Steven Z. Pavletic.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.633214/full#supplementary-material



References

1. Zeiser, R, and Blazar, BR. Pathophysiology of Chronic Graft-Versus-Host Disease and Therapeutic Targets. N Engl J Med (2017) 377:2565–79. doi: 10.1056/NEJMra1703472

2. Filipovich, AH. Diagnosis and Manifestations of Chronic Graft-Versus-Host Disease. Best Pract Res Clin Haematol (2008) 21:251–7. doi: 10.1016/j.beha.2008.02.008

3. Jagasia, MH, Greinix, HT, Arora, M, Williams, KM, Wolff, D, Cowen, EW, et al. National Institutes of Health Consensus Development Project on Criteria for Clinical Trials in Chronic Graft-Versus-Host Disease: I. The 2014 Diagnosis and Staging Working Group Report. Biol Blood Marrow Transplant (2015) 21:389–401.e1. doi: 10.1016/j.bbmt.2014.12.001

4. Schultz, KR, Miklos, DB, Fowler, D, Cooke, K, Shizuru, J, Zorn, E, et al. Toward Biomarkers for Chronic Graft-Versus-Host Disease: National Institutes of Health Consensus Development Project on Criteria for Clinical Trials in Chronic Graft-Versus-Host Disease: III. Biomarker Working Group Report. Biol Blood Marrow Transplant (2006) 12:126–37. doi: 10.1016/j.bbmt.2005.11.010

5. Paczesny, S, Hakim, FT, Pidala, J, Cooke, KR, Lathrop, J, Griffith, LM, et al. National Institutes of Health Consensus Development Project on Criteria for Clinical Trials in Chronic Graft-Versus-Host Disease: III: The 2014 Biomarker Working Group Report. Biol Blood Marrow Transplant (2015) 21:780–92. doi: 10.1016/j.bbmt.2015.01.003

6. National Research Council (US) Committee on Assessing the Importance and Impact of Glycomics and Glycosciences. Transforming Glycoscience: A Roadmap for the Future. Washington (DC): National Academies Press (US) (2012). p. 1–192. doi: 10.17226/13446.

7. Varki, ACRD, D, EJ, H, FH, P, S, R, BC, W, HG, et al. Essentials of Glycobiology (2015). Cold Spring Harbor Laboratory Press. Available at: http://www.ncbi.nlm.nih.gov/pubmed/27010055%0Ahttps://www.ncbi.nlm.nih.gov/books/NBK31
0274/ (Accessed April 11, 2020).

8. Vidarsson, G, Dekkers, G, and Rispens, T. Igg Subclasses and Allotypes: From Structure to Effector Functions. Front Immunol (2014) 5:520. doi: 10.3389/fimmu.2014.00520

9. Sondermann, P, Pincetic, A, Maamary, J, Lammens, K, and Ravetch, JV. General Mechanism for Modulating Immunoglobulin Effector Function. Proc Natl Acad Sci USA (2013) 110:9868–72. doi: 10.1073/pnas.1307864110

10. Ferrara, C, Grau, S, Jäger, C, Sondermann, P, Brünker, P, Waldhauer, I, et al. Unique Carbohydrate–Carbohydrate Interactions Are Required for High Affinity Binding Between Fcγriii and Antibodies Lacking Core Fucose. Proc Natl Acad Sci USA (2011) 108:12669–74. doi: 10.1073/pnas.1108455108

11. Gornik, O, and Lauc, G. Glycosylation of Serum Proteins in Inflammatory Diseases. Dis Markers (2008) 25:267. doi: 10.1155/2008/493289

12. Lauc, G, Huffman, JE, Pucic, M, Zgaga, L, Adamczyk, B, Muzinic, A, et al. Loci Associated With N-Glycosylation of Human Immunoglobulin G Show Pleiotropy With Autoimmune Diseases and Haematological Cancers. PLoS Genet (2013) 9:e1003225. doi: 10.1371/journal.pgen.1003225

13. Prenc, E, Pulanic, D, Pucic-Bakovic, M, Pezer, M, Desnica, L, Vrhovac, R, et al. Potential of Glycosylation Research in Graft Versus Host Disease After Allogeneic Hematopoietic Stem Cell Transplantation. Biochim Biophys Acta - Gen Subj (2016) 1860:1615–22. doi: 10.1016/j.bbagen.2016.02.015

14. Bakovic, MP, Selman, MHJ, Hoffmann, M, Rudan, I, Campbell, H, Deelder, AM, et al. High-Throughput IgG Fc N-Glycosylation Profiling by Mass Spectrometry of Glycopeptides. J Proteome Res (2013) 12:821–31. doi: 10.1021/pr300887z

15. Pucic, M, Knezevic, A, Vidic, J, Adamczyk, B, Novokmet, M, Polasek, O, et al. High Throughput Isolation and Glycosylation Analysis of IgG-Variability and Heritability of the IgG Glycome in Three Isolated Human Populations. Mol Cell Proteomics (2011) 10. doi: 10.1074/mcp.M111.010090

16. Grkovic, L, Baird, K, Steinberg, SM, Williams, KM, Pulanic, D, Cowen, EW, et al. Clinical Laboratory Markers of Inflammation as Determinants of Chronic Graft-Versus-Host Disease Activity and NIH Global Severity. Leukemia (2012) 26:633–43. doi: 10.1038/leu.2011.254

17. Parekh, RB, Isenberg, DA, Ansell, BM, Roitt, IM, Dwek, RA, and Rademacher, TW. Galactosylation of IgG Associated Oligosaccharides: Reduction in Patients With Adult and Juvenile Onset Rheumatoid Arthritis and Relation to Disease Activity. Lancet (1988) 331:966–9. doi: 10.1016/S0140-6736(88)91781-3

18. Gińdzieńska-Sieśkiewicz, E, Radziejewska, I, Domysławska, I, Klimiuk, PA, Sulik, A, Rojewska, J, et al. Changes of Glycosylation of IgG in Rheumatoid Arthritis Patients Treated With Methotrexate. Adv Med Sci (2016) 61:193–7. doi: 10.1016/j.advms.2015.12.009

19. Ercan, A, Cui, J, Chatterton, DEW, Deane, KD, Hazen, MM, Brintnell, W, et al. Aberrant IgG Galactosylation Precedes Disease Onset, Correlates With Disease Activity, and Is Prevalent in Autoantibodies in Rheumatoid Arthritis. Arthritis Rheum (2010) 62:2239–48. doi: 10.1002/art.27533

20. Gudelj, I, Salo, PP, Trbojevic-Akmacic, I, Albers, M, Primorac, D, Perola, M, et al. Low Galactosylation of IgG Associates With Higher Risk for Future Diagnosis of Rheumatoid Arthritis During 10 Years of Follow-Up. BBA - Mol Basis Dis (2018) 1864:2034–9. doi: 10.1016/j.bbadis.2018.03.018

21. De Jong, SE, Selman, MHJ, Adegnika, AA, Amoah, AS, Van Riet, E, Kruize, YCM, et al. Igg1 Fc N-Glycan Galactosylation as a Biomarker for Immune Activation. Sci Rep (2016) 6:1–9. doi: 10.1038/srep28207

22. Malhotra, R, Wormald, MR, Rudd, PM, Fischer, PB, Dwek, RA, and Sim, RB. Glycosylation Changes of IgG Associated With Rheumatooid Arthritis can Activate Complement Via the Mannose-Binding Protein. Nat Med (1995) 1:237–43. doi: 10.1038/nm0395-237

23. Jefferis, R. Glycosylation as a Strategy to Improve Antibody-Based Therapeutics. Nat Rev Drug Discov (2009) 8:226–34. doi: 10.1038/nrd2804

24. Vukic, T, Smith, SR, Kelecic, DL, Desnica, L, Prenc, E, Pulanic, D, et al. Joint and Fascial Chronic Graftvs- Host Disease: Correlations With Clinical and Laboratory Parameters. Croat Med J (2016) 57:266–75. doi: 10.3325/cmj.2016.57.266

25. Plomp, R, Ruhaak, LR, Uh, HW, Reiding, KR, Selman, M, Houwing-Duistermaat, JJ, et al. Subclass-Specific IgG Glycosylation Is Associated With Markers of Inflammation and Metabolic Health. Sci Rep (2017) 7:1–10. doi: 10.1038/s41598-017-12495-0

26. de Haan, N, van Tol, MJD, Driessen, GJ, Wuhrer, M, and Lankester, AC. Immunoglobulin G Fragment Crystallizable Glycosylation After Hematopoietic Stem Cell Transplantation Is Dissimilar to Donor Profiles. Front Immunol (2019) 9:1238. doi: 10.3389/fimmu.2018.01238

27. van de Bovenkamp, FS, Hafkenscheid, L, Rispens, T, and Rombouts, Y. The Emerging Importance of IgG Fab Glycosylation in Immunity. J Immunol (2016) 196:1435–41. doi: 10.4049/jimmunol.1502136

28. Holland, M, Yagi, H, Takahashi, N, Kato, K, Savage, COS, Goodall, DM, et al. Differential Glycosylation of Polyclonal IgG, IgG-Fc and IgG-Fab Isolated From the Sera of Patients With ANCA-associated Systemic Vasculitis. Biochim Biophys Acta - Gen Subj (2006) 1760:669–77. doi: 10.1016/j.bbagen.2005.11.021

29. Davies, J, Jiang, L, Pan, LZ, Labarre, MJ, Anderson, D, and Reff, M. Expression of GnTIII in a Recombinant Anti-CD20 CHO Production Cell Line: Expression of Antibodies With Altered Glycoforms Leads to an Increase in ADCC Through Higher Affinity for Fcγriii. Biotechnol Bioeng (2001) 74:288–94. doi: 10.1002/bit.1119

30. Vuckovïc, F, Kristïc, J, Gudelj, I, Teruel, M, Keser, T, Pezer, M, et al. Association of Systemic Lupus Erythematosus With Decreased Immunosuppressive Potential of the IgG Glycome. Arthritis Rheumatol (2015) 67:2978–89. doi: 10.1002/art.39273

31. Shinzaki, S, Iijima, H, Nakagawa, T, Egawa, S, Nakajima, S, Ishii, S, et al. Igg Oligosaccharide Alterations Are a Novel Diagnostic Marker for Disease Activity and the Clinical Course of Inflammatory Bowel Disease. Am J Gastroenterol (2008) 103:1173–81. doi: 10.1111/j.1572-0241.2007.01699.x

32. Inamoto, Y, Pidala, J, Chai, X, Kurland, BF, Weisdorf, D, Flowers, MED, et al. Assessment of Joint and Fascia Manifestations in Chronic Graft-Versus-Host Disease. Arthritis Rheumatol (2014) 66:1044–52. doi: 10.1002/art.38293

33. Martires, KJ, Baird, K, Steinberg, SM, Grkovic, L, Joe, GO, Williams, KM, et al. Sclerotic-Type Chronic GVHD of the Skin: Clinical Risk Factors, Laboratory Markers, and Burden of Disease. Blood (2011) 118:4250–7. doi: 10.1182/blood-2011-04-350249

34. Prenc, E. N-Glikozilacija Imunoglobulina G U Kroničnoj Bolesti Presatka Protiv Primatelja Nakon Presadbe Alogeničnih Matičnih Krvotvornih Stanica. [Dissertation Thesis]. [Croatia (CRO)]. Zagreb, Croatia: University of Zagreb School of Medicine. Available at: http://medlib.mef.hr/3450/1/prenc_ema_disertacija_2019.pdf.



Conflict of Interest: Author EP is currently employed by the company Fidelta Ltd. Authors MP-B, IU and GL were employed by the company Genos Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Prenc, Pulanic, Pucic-Bakovic, Ugrina, Desnica, Milosevic, Pirsl, Mitchell, Rose, Vrhovac, Nemet, Lauc and Pavletic. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-633214-g003.jpg
@ AcivecGutD
® Inacive cOVHD.

Clinician's impression of disease activity

Bisecing
GIENAC

P e

Galactosylation

I T—

o Tt N





OEBPS/Images/fimmu-12-633214-g005.jpg
P s
fs g3
1 L
s 3
9 a2 o4 s os 1o o0 o0z o as as 1o
sty ity
H H
£z %:
8 b
< » B casanscon
G 02 o4 o5 08 10 oo oz o ae as 10
sty sty

H HE]

3 iz

g B

3 s unranscons
@ o2 o4 e 08 10 % oz o4 s o8 1o

sy spcicy

fs fs

H ]

&3 % 3
: oompscnmscon| 3 conmscoes
G oz 4 a8 s 10 a0 o as s oe 1o

ity it

H H

: priioid [ soan RS

vy apuciicy





OEBPS/Images/table1b.jpg
IS PR . ARpsareiel, 904 b st
Aoumin (o) 37 21-300) 19A L) 063(005-481)
AP (mg) 1875161600 oMot 063(0066.47)

okato: acuto myolod ke, 2 TEODkIT ke, ySblspiStcSyrekoma, chork myold ko and MyoRDIDSS,
inckucos: Hodghn' and Do Hodgk#'s OO, hYont MPhOEYI ko 1 mutlo myoloma.

ickato: sarcomas and inmunodefoenGs, apus: anem, pauysmal ol Pamogobe and Other agnoses.

Ciicion's mpresson of 0550 acthity was rocoac o 120 pts.

i SRAs cHT i FE0ah e Rt il Shetea v ot o St e bl v e R A BBl





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Significant Associations of IgG Glycan Structures With Chronic Graft-Versus-Host Disease Manifestations: Results of the Cross-Sectional NIH Cohort Study

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Statistical Methods

          



        



        



        		

          Results

        

          		

            Patient Characteristics

          



          		

            UHPLC Glycan Analysis

          

            		

              NIH cGvHD Organ Scores

            



            		

              CGvHD Activity

            



          



          



          		

            Logistic Regression Analysis and ROC Curves

          

            		

              NIH cGvHD Organ Scores

            



            		

              CGvHD Activity

            



          



          



        



        



        		

          Discussion

        

          		

            CGvHD of Joints/Fascia and Skin

          



          		

            CGvHD Activity

          



          		

            Limitations of the Study

          



          		

            Glycans as a Potential Biomarker for cGvHD

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2021.633214_cover.jpg
’ frontiers
in Immunology

Significant Associations of IgG
Glycan Structures With Chronic
Graft-Versus-Host Disease
Manifestations: Results of the
Cross-Sectional NIH Cohort Study





OEBPS/Images/fimmu-12-633214-g002.jpg
NocGeHD
Mild cGVHD,
Moderae cGVHD.
Severs cGrHD.

NIH score skin

1GP38- o e
i brong
-
w0 oo Tsttain
s .- T oot
A T

A . i





OEBPS/Images/fimmu-12-633214-g004.jpg
Ay OF Iy,

° o
- &
jncting
R — - GNAC
P ——— oo
P ——
° o T Fuconinicn
T sitpmicn
Gastonaica
R

Clyoun eosassmnnt (% s





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/table1a.jpg
Characteristics of GGVHD patients

encr Fomalo, N3
Malo,N (%)

Age (yers), median range)

Teme fom transpiantation un study particpaton (days). medan (range)

Tevo ffom tansplantaton i CGYHD dagnoss (days), median (xge)

Tine fom GGVHD iagnoss ut siudy participation (days), medan ange)

Pre- and post-transplant information

Privary Gisoaso. Lokoma®
Lympnhoprolfecatie dsease’”
Other®
Myeioablative conditoning Yes
No
Unknoun
Donor eaton Reated
Unvaated
Hematopoieic sem cels source Bonemanow
Perphera biood
Unbiica bood
Preious acute GYHD. Yes
No
Unknoum
Charactorization of GVHD
CGHD onset Do oo
Progressie
Quescont
Unknoum
GOHD cassicaton Cassc
Overap
Unknoun
Unes of systeic therapy, median (arge)
Giniian's impression o actiy* setve.
Age tyears,
median ange)
Nonactie.
Age tyears,
mecian (ange)
Unknoun
itensity of imunosupression Noneig
ModeraterHigh
Actity by therapeuti tent at the time of evakion Nonactve.
Aatvo.
Unknou/Not applcabie®
Organs imoed with cGHD sin
Mot
Eyos
Uver
Gastrontostial act
Lungs
Joinstasca
Genita actfor women)
Giobal cGHHD NH score g
Moderate
Savore
Numbor of invived 0rgans wih cGVHD,
median (range)
Laboratory parameters
Pasametor Median range)
Eryvocyte secimentaion rate () 160113
Eosnophis (X109 1) 00809107
Platelots (X10A9 ) 251 (24.663)

158
15

21

128

@
166

11

409
101

0
166
m

164
130

157
508

92 432%)
121 (56.8%)
456.71)
1106 (131.7746)
233 (41-425)
756 06545)

B6ta 2 mcrogiobun (mg)

a3y

%
6485
282%
70%
6%
a18%

1.4%
60.1%
300%
193%
779%
26%
662%
333%
05%

%

333%
366%
206%
05%
859%
127%
14%

aran
5671

89%
25(766)

a37%
300%
700%
8%
37%
225%
765%
662%
779%
521%
a32%
770%
61.0%
576%
19%
204%
737%

Median frange)
21009-70.74)
135064222
028 (0.13-7.39)





OEBPS/Images/fimmu-12-633214-g001.jpg
NocGuiD
Mild GHHD
Moderte cGHiID
Severs D

16rss-]

1637
1636
[

167
|
6]
w6r1]
16rs0-|
169
16
1GP77
ars7]
66
G
e
Gs-
1GPa7
ap1s
Gpis—e
apii
po-
aps
6ri-]
apied

NIH score joints/fascia

e —
o 20 © )

Glycan measuremeat (%), mean

Bisecting
GIeNAC

Trceyiion

Sillation

Galactosyltion

T Asalctsyltion





