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Abstract  1 

BACKGROUND. Idiopathic CD4 lymphopenia (ICL) is defined by persistent low CD4 counts 2 

(<300 cells/µL) in the absence of a causal infection or immune deficiency and can manifest with 3 

opportunistic infections. Approximately 30% of ICL patients develop autoimmune disease. The 4 

prevalence and breadth of their autoantibodies, however, and their potential contribution to 5 

pathogenesis of ICL remain unclear. 6 

 7 

METHODS. We hybridized 35 and 51 ICL patients’ sera to a 9,000 human proteome array and 8 

to a 128 known autoantigens array, respectively. Using a flow-based method, we characterized the 9 

presence of anti-lymphocyte Ab in the whole cohort of 72 patients, as well as the Ab functional 10 

capability of inducing antibody-dependent cell-mediated cytotoxicity (ADCC), complement 11 

deposition, and complement dependent cytotoxicity (CDC). We tested ex vivo the activation of 12 

the classical complement pathway on ICL CD4 T cells.  13 

 14 

RESULTS. All ICL patients had multitude of autoantibodies mostly directed against private (not 15 

shared) targets and unrelated quantitatively or qualitatively to the patients’ autoimmune disease 16 

status. The targets included lymphocyte intracellular and membrane antigens, confirmed by the 17 

detection by flow of IgM and IgG (mostly IgG1 and IgG4) anti-CD4 cell Ab in 50% of the patients 18 

with half of these cases triggering lysis of CD4 T cells. We also detected in vivo classical 19 

complement activation on CD4 T cells in 14% of the whole cohort. 20 

 21 



 4 

CONCLUSION. Our data demonstrate a high prevalence of autoantibodies in ICL, some of which 1 

are specific against CD4 T cells, may contribute to pathogenesis and may represent a potential 2 

novel therapeutic target. 3 

 4 

TRIAL REGISTRATION. ClinicalTrials.gov NCT00867269. 5 

 6 
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Introduction 1 

Idiopathic CD4 lymphopenia (ICL) was initially described in the late 1980s when some patients 2 

presented with opportunistic infections and CD4 lymphopenia consistent with AIDS but with 3 

negative HIV testing. A CDC investigation ensued that led to the definition of ICL as persistently 4 

low CD4 counts (<300 cells/µL) in the absence of an infection, condition or therapy known to 5 

cause lymphopenia (1). The CDC investigation concluded that there was no familial linkage or 6 

evidence of a transmissible agent. Almost forty years later, the etiology of ICL remains unclear, 7 

and there is no specific therapeutic approach other than use of prophylactic antibiotics, treatment 8 

of infections and screening for infection-related malignancies. 9 

Three large cohorts have been studied to date describing the main clinical manifestations of ICL 10 

which include opportunistic infections, cryptococcal disease and other invasive fungal or non-11 

tuberculous mycobacteria infections, human papilloma virus (HPV)-associated diseases and/or 12 

malignancies and autoimmunity (2-4). Regarding autoimmune diseases in ICL, it can be difficult 13 

to ascertain cause and effect but there are instances where it is clear that ICL diagnosis predated 14 

clinical autoimmune manifestations (2). 15 

The etiology/ies of ICL have been investigated throughout the past decades and may involve 16 

insufficient production of T lymphocytes, impaired proliferation and increased peripheral 17 

destruction and/or sequestration as suggested by decreased expression of CXCR4 in one study (5). 18 

Genetic evaluation has revealed a specific genetic defect in only a few cases (3, 5-7). Overall the 19 

differences in infection susceptibility and variant concomitant cytopenias in certain patients (low 20 

CD8 lymphocytes or B cells or NK cells), strongly suggest heterogeneous etiologies as supported 21 

in our recent humanized mouse model study (8). It is conceivable that some common features 22 

amongst patients with ICL, for example increased cycling of CD4 T cells or decreased naïve T 23 
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cells, may reflect compensatory mechanisms of lymphopenia, ongoing infections or consequences 1 

of ineffective lymphopenia-induced proliferation and not necessarily the inciting etiology of 2 

lymphopenia. 3 

Chronic lymphopenia, regardless of etiology, has been associated with increased incidence of 4 

autoimmunity, although the molecular mechanisms involved are still unknown (9-11). 5 

Lymphopenia is a predictor of systemic lupus erythematosus (SLE) flares (12, 13), development 6 

of autoantibodies in primary Sjögren’s syndrome (14), and dermatomyositis (5). Previously, 7 

studies have shown that autoantibodies are present in other conditions with CD4 lymphopenia (15, 8 

16) suggesting an association between lymphopenia and anti-lymphocyte antibodies. Moreover, it 9 

has been shown that primary immunodeficiencies (PIDs) are associated with a higher risk of 10 

autoimmune complications than the general population (17), with the greatest risk linked to T cell 11 

PIDs and common variable immunodeficiency. Importantly, PID patients with 12 

autoimmune/inflammatory complications prior to allogenic stem-cell transplantation had reduced 13 

survival even after stem cell transplantation (17). In the context of ICL, however, it is still unclear 14 

whether the autoimmune disease observed in approximately 30% of the patients is one of the 15 

underlying causes of autoantibody production, or if the lymphopenia itself plays a role in 16 

potentiating autoantibody production.  17 

We hypothesized that given the high incidence of autoimmune diseases in ICL and our previous 18 

findings suggesting evidence of intact T cell development, ineffective peripheral proliferation of 19 

lymphocytes, and lack of sequestration (8, 18), peripheral destruction of lymphocytes potentially 20 

mediated by autoantibodies may be playing a role in ICL pathogenesis. We thus evaluated the 21 

prevalence and potential pathogenicity of autoantibodies in ICL. We report that autoantibodies are 22 



 7 

highly prevalent in ICL and may actively impede lymphocyte recovery by antibody mediated 1 

cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC).  2 

  3 
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Results 1 

Patient cohort.  2 

We evaluated a cohort of ICL patients referred to NIH for enrollment in our ICL protocol (NCT# 3 

00867269). The participants’ characteristics are shown in Table 1. Briefly, the median age was 51 4 

years (range 20 to 77 years) and there was an even distribution of sex with 34 women and 38 men. 5 

The median CD4 count was 75 cells/µL and the median CD8 count was 154 cells/µL. Seventy one 6 

percent had an infectious complication and 31% had an autoimmune diagnosis. Additional detailed 7 

patient clinical and laboratory characteristics are shown in Supplemental Table 1. Although at 8 

the outset of this project a total of 77 patients were included, five patients were excluded in final 9 

analyses due to diagnoses that could explain their CD4 T cell lymphopenia, specifically Crohn’s 10 

disease (patient experienced CD4 recovery to >400 cells/µL after treatment with anti-TNF-a 11 

antibody), and mutations on FAS (16), PI3KCD, NF-kB1, or DOCK-8 unveiled after sequencing. 12 

 13 

Measurement of IgG and IgM autoantibodies in ICL patients by autoantigen array. 14 

Although lymphopenia has been linked to the development of autoimmunity (11), it is still 15 

unknown whether the persistent lymphopenia in ICL patients is associated with elevated levels of 16 

autoantibodies. To assess the prevalence of autoantibodies in ICL, we evaluated sera from 51 ICL 17 

patients and 25 healthy controls (HC) using a 124-plex autoantigen microarray for IgG and IgM 18 

antibodies to clinically relevant autoantigens (19). In order to compare the ICL versus the HC 19 

groups, we calculated the ratio (ICL/HC) of each group mean antibody score for each target (see 20 

methods) and displayed them as two volcano plots, for antigens recognized by IgG or IgM (Figure 21 

1A). Ratio of mean antibody scores >2 and with a corrected p <0.0004 (Bonferroni correction) 22 

identified autoantigens significantly recognized by antibodies in the ICL sera. This ICL versus HC 23 
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comparison showed that the ICL group had significant levels of IgG and IgM Ab against 57 and 1 

39 autoantigens, respectively, while the HC group had none. The top three IgGs autoantibodies 2 

found in ICL sera (Supplemental Table 2) have been previously associated with different 3 

autoimmune syndromes, such as anti-PL-7 (anti-threonyl-tRNA synthetase), associated with anti-4 

synthetase syndrome (7), anti-MPO (myeloperoxidase) associated with vasculitis (20) and 5 

granulomatosis with polyangiitis (21), and anti-muscarinic receptor associated with Sjögren’s 6 

syndrome (22). The top IgM autoantibodies (Supplemental Table 3) targeted collagen VI, SmD1 7 

(small nuclear ribonucleoprotein D1) and fibrinogen S, which have been associated with vasculitis 8 

and SLE (23), SLE (24), and rheumatoid arthritis (RA) (24), respectively. Out of all the 9 

autoantigens recognized by the ICL patients’ sera, 22 (30%) were recognized by both IgG and IgM 10 

antibodies (Figure 1B and Supplemental Table 2 in pink), including four of the top six targets 11 

mentioned above. 12 

ICL patients were divided into three groups according to their clinical diagnosis of autoimmune 13 

disease and presence of clinical autoantibodies: Group 1 were patients without a diagnosed 14 

autoimmune disease and without any serological evidence of clinical autoantibodies. Group 2, 15 

patients seropositive for clinical autoantibodies but not meeting clinical criteria for any specific 16 

autoimmune diagnosis. And group 3, patients diagnosed with one or more autoimmune diseases.  17 

Supplemental Figure 1A shows the distribution of these three ICL groups within the total 51 18 

patients tested. In order to test next whether the three groups of patients displayed different levels 19 

of autoreactivities, we quantified the number of targets that each sample recognized at Z score >4. 20 

The Z score indicates how many standard deviations (SD) an individual data point is from the 21 

population mean. Figure 1C, shows that while each group of ICL patients had more autoantigens 22 

targeted by IgG and IgM autoantibodies than HC, there was no significant difference in the number 23 
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of antigens recognized by IgG or IgM antibodies among the three ICL subgroups. Further, 1 

supervised hierarchical clustering heatmap analysis based on the 57 and 39 autoantigens 2 

recognized by ICL IgG and IgM showed similar pattern among all the ICL samples with no 3 

obvious subgrouping (Supplemental Figures 1B and C). Principal component analysis (PCA) 4 

also showed segregation of individual ICL patients from HC (Adonis paired test p<0.05), albeit 5 

with a few of the ICL patients from the three autoimmune groups clustering closer to the HC than 6 

to ICL samples (Supplemental Figure 1D). The IgG and IgM autoreactivities found in the ICL 7 

group were not driven by individual patients belonging to a specific autoimmunity group 8 

(Supplemental Figures 1E and 1F). Overall these results show that ICL patients have IgG and 9 

IgM autoantibodies against more autoantigens than HC individuals, and that the number and 10 

specificity of the autoantibodies show heterogenicity not explained by the patient’s clinical 11 

autoimmune status.  12 

 13 

Measurement of IgG autoantibodies against the human proteome in ICL patients. 14 

To investigate autoreactivity of antibodies from ICL patients to a broader spectrum of protein 15 

targets, we screened sera from 34 ICL patients, evenly distributed among the three previously 16 

described subgroups 1, 2 and 3 (with 12, 11 and 11 patients per group, respectively), and from 15 17 

age matched HC for the presence of IgG antibodies using the ThermoFisher Human Protein 18 

Microarray. This array contains over 9,000 full length human purified proteins in their native 19 

conformations, allowing for the detection of autoantibodies against the entire human proteome. 20 

Because of the large heterogeneity observed in the Ab response in this ICL cohort, we proceeded 21 

to an individual analysis by calculating and comparing the Z score for each protein in each 22 

individual sample, as previously done on studies with high inter-patient heterogeneity (25). 23 
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At Z≥1 and Z≥2 the ICL and HC groups were indistinguishable (Supplemental Figure 2A). At 1 

Z≥3, ICL patients displayed higher autoreactivity than HCs with sera from all 34 ICL patients 2 

recognizing at least 100 proteins (and around half of the patients recognizing 200), which was not 3 

observed in any of the 15 HC’s sera (Figure 2A). At Z ≥4, none of the HC samples displayed 4 

autoreactivity, and half of the ICL patients demonstrated autoreactivity against 90 proteins (Figure 5 

2A). Moreover, we accounted for 2,159 reactivities at Z≥4 when combining all the positive 6 

autoantibodies from all ICL samples. Most of these reactivities were very strong and persisted 7 

after increasing the threshold to Z≥5 (Figure 2A). Therefore, at the stringent threshold of Z≥4, all 8 

34 ICL patients had antibodies against a range of 35 to 328 human proteins and the HC individuals 9 

had none. 10 

We asked whether there was a quantitative difference among the three ICL clinical autoimmunity 11 

groups. At Z≥4, group 1 ICL patients had slightly fewer targets compared to group 2 but not group 12 

3 (Figure 2B). Despite the clinical diagnosis of autoimmune disease in group 3, the number of 13 

targeted proteins in this group was not higher than in the rest of patients. We next analyzed the 14 

complexity of the autoantibody response found in ICL patients at Z≥4 by identifying how many 15 

of the 2,159 reactivities were shared among the ICL patients. Figure 2C shows that most of the 16 

targets were private (not shared), with the 21 most highly shared ones found in just 21% of the 17 

ICL patients and recognizing both intra and extracellular proteins like UGT3A1 and PDGFB, 18 

respectively, as well as plasma membrane proteins like DKK4 (Supplemental Table 4). Similar 19 

dearth of shared targets was also seen at Z≥3 (Supplemental Figure 2B), where we also observed 20 

that none of the total 668 targets recognized by the 15 HC samples were shared by even just two 21 

samples.  22 
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To look for possible qualitative differences discriminating between the patients developing 1 

autoimmune disease versus those who do not, we analyzed the list of 3,418 targets found at Z ≥3 2 

to identify the most common targets found in group 3 that were not present, or were present in just 3 

a few patients, in the other two groups. We found only four targets (LETM1, AASDHPPT, 4 

SPRED1 and PRSS33) present in at least 36% of group 3 patients and in significantly lower 5 

percentage of the non-autoimmune disease groups 1+2 (Supplemental Table 5). Therefore, 6 

despite testing against the whole human proteome, we could not find major quantitative or 7 

qualitative differences in target recognition between the ICL patients with and without 8 

autoimmune disease, although the four antigens mentioned above might be potentially interesting 9 

targets for future investigation. 10 

Notwithstanding the lack of shared targets in the ICL group, we asked whether there might be 11 

common biochemical pathways and/or specific cells targeted by these broad-spectrum Ab. To test 12 

this, we analyzed the list of 2,159 targets found at Z≥4 with Ingenuity Pathway Analysis and found 13 

that two of the their four most significant top upstream regulators were CD3 and TCR 14 

(Supplemental Figure 2C), suggesting that perhaps CD3 T cells were targeted by the ICL 15 

autoantibodies. Examples of the 99 targeted proteins found to be expressed by CD3 T cells were 16 

membrane molecules (CD45, IL-7R, CD40L and CD2), transcription factors (JunB and Gata-3), 17 

and secreted proteins (TNF and IL-2). These results confirm that ICL patients have IgG 18 

autoantibodies against a multitude of self-antigens and that, even though the majority of these Ab 19 

are private, some of them target proteins expressed on CD3 T cells.  20 

 21 

Detection of IgG and IgM antibodies against CD3 T cells in ICL patients. 22 
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To determine whether the autoantibodies found in ICL sera were specific to T lymphocytes, we 1 

developed an in vitro assay to detect autoantibody binding to HC peripheral blood mononuclear 2 

cells (PBMC). Briefly, HC PBMC were incubated with sera from HC or ICL patients. Cells were 3 

washed and stained for human IgG (or its isotypes) and human IgM. Figure 3A shows 4 

representative IgG and IgM staining on HC CD4 T cells. We tested sera from all 72 ICL patients 5 

and observed anti-CD4 T cell IgG in 22 patients (30%), and anti-CD4 T cell IgM in 21 patients 6 

(29%) (Figure 3B). There was no correlation between IgG and IgM Ab found in individual patients 7 

(Figure 3C). We also detected IgG and IgM Ab binding to CD8 T cells, NK cells and B cells 8 

(Figure 3D), and found less frequent Ab against NK cells and IgM Ab against B cells. There was 9 

a strong correlation (r=0.938, p<0.0001) between the presence of anti-CD4 T cell IgG and anti-10 

CD8 T cell IgG on the same patient’s sera (Figure 3E). The correlation also existed with IgG anti-11 

NK and anti-B cell Abs, but not as strongly (Supplemental Figure 3). These data suggest that the 12 

anti-CD4 T cell Abs might recognize membrane proteins shared by cells of lymphocytic lineage, 13 

being the closest relationship between the CD4 and CD8 T cells (26)and therefore displaying the 14 

strongest correlation.  15 

Using the same flow-based method, we next identified the IgG subclasses (IgG1, IgG2, IgG3 or 16 

IgG4) of the anti-CD4 T cell Ab. We found that of the 22 patients with anti-CD4 cell IgG, the 17 

majority (n=17) had either IgG1 (n=5), IgG4 (n=8) or both isotypes (n=4) (Figure 3F). We next 18 

evaluated whether the presence of anti-CD4 T cell IgM Ab would affect the IgG isotype 19 

distribution. Out of the seven IgG/IgM double positive ICL patients, the majority had IgG1 isotype 20 

(n=4); while of the 15 ICL patients who were anti-CD4 cell IgG positive but anti-CD4 cell IgM 21 

negative, the predominant IgG subclasses were IgG4 (n=6) either alone or combined with IgG1 22 

(n=4). In summary, IgG1 and IgG4 seemed to be the predominant IgG subclasses in this cohort 23 
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with a slightly different distribution of the isotypes depending on the presence or absence of anti-1 

CD4 cell IgM autoantibodies. 2 

We next assessed the stability of these autoantibodies in twenty patients using longitudinal samples 3 

spanning between three and seven years. We found that levels of IgG and IgM capable of binding 4 

to CD4 T cells did not fluctuate drastically as shown in three representative examples (Figure 3G). 5 

Similarly, the IgG subclasses also remained fairly stable over time. One of the three patients (ICL-6 

30) had participated in a previous study, in which ICL patients received IL-7 as an 7 

immunotherapeutic agent (27). This patient’s CD4 counts increased to above 300 cells/µL 8 

immediately after IL-7 treatment (Figure 3G right panel) despite continuously detectable serum 9 

levels of IgG autoantibodies against CD4 T cells (showing at least a 2-fold MFI shift compared to 10 

HC sera). Seven years after therapy, however, there was an unexplained sudden rise in 11 

autoantibodies against CD4 T cells, in conjunction with a drop in CD4 counts, suggesting that anti-12 

CD4 T cells autoantibodies in some cases might potentially play a causative role in CD4 13 

lymphopenia.  14 

 15 

Antibodies against CD4 T cells in ICL plasma induce antibody dependent cellular 16 

cytotoxicity of CD4 T cells.  17 

We have shown that autoantibodies specific for CD4 T cells are prevalent in ICL patients, but it 18 

remained unclear if they are functionally relevant. To test the function of these autoantibodies, we 19 

set up a NK antibody-dependent cellular cytotoxicity (ADCC) assay as described in methods. 20 

Different numbers of IL-2 activated NK cells were incubated with autologous CFSE-labeled HC 21 

target PBMCs that were previously incubated with either HC or ICL plasma. IgG antibodies, and 22 

not IgM, are capable of inducing ADCC, with human IgG3 and IgG1 isotypes exhibiting the 23 
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highest capability (28). We tested plasma from the 22 ICL patients with IgG anti-CD4 T cell Ab 1 

to assess potential induction of ADCC of HC CD4 T cells. Since the only patient with IgG3 had 2 

also IgG1 (Figure 3F), we divided the 22 patients into two groups, based on the presence or 3 

absence of IgG1 anti-CD4-cell Ab, which would confer higher or lower, respectively, ADCC 4 

activity. In addition, we tested as controls eight patients without IgG anti-CD4 Ab, where we did 5 

not expect ADCC activity. Figure 4A shows that plasma from eight ICL patients induced ADCC 6 

of HC CD4 T cells. Six out of these eight patients belonged to the IgG1positive group, and the 7 

other two to the IgG1negative group. No ADCC activity was observed in patients without IgG 8 

anti-CD4-cell Ab. Furthermore, IgG depletion from plasma of four patients led to loss of ADCC 9 

activity, which was recovered by the purified IgG fraction (Figure 4B). These data show that the 10 

IgG anti-CD4-cell Ab found in ICL patients’ plasma (particularly IgG1) can induce NK dependent 11 

cytotoxicity of CD4 T cells. 12 

 13 

Antibodies found in ICL sera induce complement deposition and complement-dependent 14 

cytotoxicity (CDC) of CD4 T cells.  15 

To further investigate the effector functions of the autoantibodies found in ICL sera, we assessed 16 

their ability to activate complement in vitro and induce CDC on HC CD4 T cells. CDC is induced 17 

mostly by IgM and IgG3 antibodies, although other IgG isotypes can also induce it less efficiently 18 

(29). To test for both complement deposition and CDC, we incubated HC PBMC with either HC 19 

or ICL sera as previously done in Figure 3, but this time, after washing the sera away, we further 20 

incubated the PBMC with either normal human sera (to measure C3b deposition on CD4 T cells 21 

by flow), or with rabbit sera (to test for CDC). Figure 5A shows that ICL-9 serum induced high 22 

levels of C3b deposition on HC CD4 T cells and that this deposition was dependent on the presence 23 
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of total immunoglobulin (Ig). Using this method, we tested sera from all 72 patients, dividing them 1 

into three groups; patients without anti-CD4-cell Ab, patients with IgG but not IgM anti-CD4-cell 2 

Ab, and patients with IgM anti-CD4-cell Ab. We found that ten out of the 72 (14%) patients’ sera 3 

induced complement deposition on healthy CD4 T cells (Figure 5B) and that the majority of the 4 

positive patients (seven out of ten) had IgM autoantibodies. We then tested sera from these ten 5 

patients for their ability to induce CDC and found that four of the IgM positive patients and one 6 

of the IgM negative group induced CDC in an Ig dependent manner, as Ig depletion resulted in the 7 

loss of CDC activity (Figure 5C). These data demonstrate that anti-CD4 Ab found in ICL sera, 8 

particularly if they are of the IgM isotype, can cause complement deposition and CDC of CD4 T 9 

cells. 10 

Interestingly, similar to ICL patients, we observed IgG and IgM anti-CD4-cell Ab in two of the 11 

four patients that, after enrollment and evaluation in our ICL protocol, were identified to have 12 

genetic mutations known to cause primary immunodeficiencies (PID) (Supplemental Figure 4A). 13 

And again, similar to ICL patients, the serum from the patient with activated phosphoinositide 3-14 

kinase d syndrome that had IgM Ab was able to induce complement deposition on CD4 T cells 15 

(Supplemental Figure 4B). These data suggest that our findings of autoantibodies in ICL patients 16 

might also be relevant to other diseases with lymphopenia. 17 

 18 

CD4 T cells from ICL patients show evidence of in vivo classical complement activation.  19 

To seek evidence of potential in vivo complement activity targeting CD4 T cells, we analyzed 20 

PBMC from ICL patients directly ex vivo by flow cytometry, without any further incubation or 21 

stimulation. We stained these PBMC with three complement protein fragments (C3b, C1q, and 22 

C4c) that under normal conditions should not be present in the membrane of CD4 T cells. C3b is 23 
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a fragment of C3 that is cleaved during the activation of any of the three complement pathways 1 

(classical, lectin, and alternative). C1q is a fragment obtained after cleavage of C1 protein 2 

characteristic of the classical complement pathway and C4c is a fragment of C4 protein cleaved 3 

during the activation of lectin or classical complement pathways (30, 31). Staining for the three 4 

fragments allowed us to first, explore whether there is in vivo complement deposition on CD4 T 5 

cells from ICL patients and second, which complement pathway is being triggered. We found that 6 

ten out of 72 (14%) ICL patients had complement deposition on their CD4 T cells (Figure 6A) 7 

with all ten staining for both C3b and C1q, identifying the classical pathway as the one being 8 

triggered in vivo. This conclusion was further supported by the finding of C4c deposition with a 9 

similar intensity as C1q (Supplemental Figure 5A). In contrast, HC CD4 T cells and the rest of 10 

the ICL patients (see ICL-34 as an example) displayed negligible C3b or C1q deposition (Figure 11 

6A).  12 

We next tested whether the complement deposition observed on the CD4 T cells from the ten ICL 13 

patients could be attributed to a lack or diminished expression of the complement inhibitory 14 

proteins CD55 and CD59. These proteins are ubiquitously expressed on the cell membranes to 15 

protect them from complement activation directed against pathogens by inhibiting either the C3 16 

convertase (CD55) or the formation of the membrane attack complex (MAC) (CD59) (32-34). We 17 

found a slight upregulation of the complement inhibitor CD59 on CD4 T cells from the ten ICL 18 

patients with in vivo complement deposition compared with the rest of the patients or the HC 19 

(Figure 6B), suggesting a cellular compensatory mechanism to protect the CD4 T cells from CDC. 20 

There was no difference on the expression level of complement inhibitor CD55 (Supplemental 21 

Figure 5B). Looking for additional evidence of in vivo complement activation we next measured 22 

circulating immune complexes (CIC) binding C1q or C3d, complement proteins C1q, C5a and C9 23 
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and CH50 equivalent enzyme immune assay (Eq EIA) in the sera or plasma of ICL patients 1 

(Supplemental Table 6). We found that the ten patients with complement deposition on their CD4 2 

T cells had significantly lower classical complement activity CH50 Eq EIA remaining in their sera 3 

(Figure 6C). These data suggest that the presence of autoantibodies against CD4 T cells triggers 4 

the classical complement pathway in vivo on CD4 T cells in a proportion of ICL patients. 5 

 6 

The presence of ADCC or complement inducing anti-CD4 antibodies is associated with 7 

severe CD4 lymphopenia. 8 

We found a significant overlap between the ten patients that displayed complement deposition on 9 

their CD4 T cells ex vivo and the ones whose sera induced in vitro complement deposition on HC 10 

CD4 T cells but not with the group of patients whose plasma induced ADCC (Supplemental 11 

Figure 6A). To determine the relationship among all the different phenotypes, we summarized in 12 

a table the data obtained on anti-CD4-cell Ab, their ADCC or complement function, as well as the 13 

degree of CD4 lymphopenia and autoimmunity status at an individual level (Supplemental Figure 14 

6B).  We found no association between the presence of Ab against CD4 T cells (in green), or the 15 

presence of Ab with ADCC or complement activity (in orange), or degree of CD4 lymphopenia 16 

(in red), and the clinical autoimmune status of the patient. There seemed to be, however, a 17 

correlation between ADCC/complement inducing Ab and a higher degree of lymphopenia that we 18 

further analyzed. In order to quantify this correlation, we divided the patients in two groups based 19 

on their blood CD4 count. Moderate lymphopenia group, with CD4 count equal or above the cohort 20 

median of 75 cells/µL; and severe lymphopenia group, with CD4 count <75 cells/µL. We did not 21 

find difference in prevalence of anti-CD4 Ab (IgG or IgM) between the two groups (Figure 7A), 22 

suggesting that the mere presence of anti-CD4-cell Ab is not associated to the degree of 23 
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lymphopenia. We then evaluated the association between the presence of ADCC or complement 1 

inducing anti-CD4-cell Ab and the degree of lymphopenia. We found a higher proportion of 2 

patients with functional autoantibodies in the more severely lymphopenic group (Figure 7B). 3 

Indeed, patients with these Ab were almost six times more likely to have prfound lymphopenia 4 

compared to patients without them (Odd Ratio 5.71 (CI 1.78-17.14, P<0.01). These data suggest a 5 

robust association between ADCC/complement inducing anti-CD4 T cell antibodies and CD4 6 

lymphopenia.  7 

  8 
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Discussion 1 

In this study we show that ICL patients, independently of their clinical autoimmune diagnosis, 2 

have a broad spectrum of IgG and IgM autoantibodies directed against both intra- and extra-3 

cellular targets. We also demonstrate how these autoantibodies can have functional consequences 4 

by triggering ADCC or complement activation or CDC on healthy CD4 T cells. These 5 

observations, further supported by the presence of complement activation on patients’ own T cells, 6 

provide evidence of the potential contribution of autoantibodies to lymphopenia.  7 

Using two different types of antigen arrays, we found that all ICL patients tested had a wide 8 

quantitative and qualitative range of autoantibodies. The novel proteins recognized by 9 

autoantibodies in ICL patients showed a remarkable inter-individual variability, perhaps 10 

explaining the high heterogeneity of autoimmune diseases affecting one third of the ICL patients 11 

(2).  12 

Previous works suggested that the observed increase in apoptosis by CD4 T cells in ICL play a 13 

role in the generation of anti-nuclear antibodies (35, 36). Yet, it was still unclear whether these 14 

autoantibodies are anti-lymphocytic and therefore could play a role in inhibiting CD4 T cell 15 

recovery. In one case report, however, the authors reported an ICL patient with CD4 T cells coated 16 

with autoantibodies (37). In our present work analyzing a large cohort of 72 ICL patients, we found 17 

that half of them harbor IgG or IgM anti-CD4 T cell Ab. Functionally, the sera or plasma from 18 

half of the ICL patients with anti-CD4-cell Ab induced either NK mediated ADCC or complement 19 

deposition on HC CD4 T cells and most importantly, the presence of such Ab increased almost six 20 

times the probability of ICL patients to be more severely lymphopenic. Most of the anti-21 

lymphocyte antibodies that caused ADCC were IgG1, while the anti-lymphocyte antibodies that 22 

caused complement deposition were IgG1 and IgM Ab, consistent with the isotypes anticipated 23 
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functional potential (28). The majority of the IgG antibodies were IgG1 (in general the most 1 

prevalent isotype), and IgG4, which is typically the least abundant, it can be indicative of chronic 2 

antigenic stimulation and it might play a role in inhibiting immediate hypersensitivity reactions 3 

(38). It has been previously shown that in SLE isotype switching from clinical IgM to IgG 4 

antibodies follows disease progression (19).  Isotype switching might occur in our cohort since we 5 

found a lack of correlation between IgG and IgM anti-CD4 T cell Ab in the same patient.  We did 6 

not observe, however, isotype switching in the patients we tested longitudinally over the course of 7 

a few years. One possibility is that more time is required to visualize the isotype switch. Another 8 

possibility is that continuous antigenic stimulation is maintaining the IgM levels. Because the 9 

duration of lymphopenia in ICL patients is generally unknown and probably varies among patients, 10 

it is also possible that many of the ICL patients who had been lymphopenic for longer period of 11 

time are the ones with IgG autoantibodies, while the ICL patients who had been lymphopenic for 12 

a shorter period of time are the ones with IgM isotype.  13 

Because both the in vitro assays for ADCC and CDC use healthy control PBMCs as targets, it is 14 

possible that these assays have underestimated the cytotoxicity of the autoantibodies since a small 15 

proportion of the antibodies might be specific for protein alleles not shared between the particular 16 

ICL patient and the HC PBMC used for the assay. In addition, other than causing cytotoxicity, 17 

future studies will be needed to further elucidate the possible role of these antibodies binding 18 

receptor molecules on the T cell membrane and either inducing or blocking signaling cascades 19 

depending on whether they act as agonists or antagonists of such receptors, respectively.  20 

Although autoimmunity had been described as part of the ICL clinical spectrum, the possibility 21 

that it may actually be playing a significant pathogenic role had not been previously investigated. 22 

Despite the great differences in clinical and immunological presentations characteristic among ICL 23 
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patients we found that the prevalence of autoantibodies was the unifying feature in our large cohort 1 

of patients. It remains unclear if autoimmunity, perhaps following a trigger event(s) in persons 2 

with genetic predisposition, might have an etiological role in ICL. On one hand, in autoimmune 3 

diseases such as SLE or rheumatoid arthritis the presence of autoantibodies can precede the clinical 4 

manifestations (39, 40). On the other hand, in both human and animal studies lymphopenia and 5 

lymphopenia-induced proliferation of the remaining T cells can lead to expansion of self-6 

recognizing clones and break of tolerance with generation of autoantibodies (9, 11, 41-43). Based 7 

on these previous reports and ours, our current working model is that an initial unknown trigger 8 

causes CD4 lymphopenia in ICL patients, which drives activation of the remaining CD4 T cells 9 

by homeostatic expansion. The activated CD4 T cells interact with autoreactive B cells disrupting 10 

peripheral tolerance mechanisms and prompting the generation of autoantibodies. The initial auto-11 

antibody response might be further amplified, diversified, and self-sustained by mechanisms 12 

observed in autoreactive GC (44), where the autoreactive B cells evolve with time toward pauci-13 

clonality. Both the Abs specificity and effector functions, provided by their Fc portion, will 14 

determine their functional and clinical consequences ranging from totally innocuous to causing 15 

autoimmunity. If the initial trigger that caused the lymphopenia persists, as it might be the case 16 

with genetic mutations for instance in primary immunodeficiencies, the presence of anti-CD4 Ab 17 

would worsen the CD4 lymphopenia. If the initial trigger is transient, as it might be the case with 18 

environmental triggers, the presence of autoantibodies might be sufficient to maintain the 19 

lymphopenia even after the resolution of the initial insult. CD4 T cells share most of their 20 

transcriptome with CD8 T cells (26) so it is not surprising that most of the anti-CD4 Ab can also 21 

target CD8 T cells in accordance with our findings. We have previously suggested that CD8 22 

lymphopenia is also a prominent feature of ICL and may even relate to disease prognosis (2). It is 23 
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unclear why CD8 lymphopenia is not more commonly observed. CD4 and CD8 T cell numbers 1 

are regulated by independent homeostatic mechanisms. It has been shown that in adult humans 2 

CD8 T cells have more regeneration potential than CD4 T cells (45), making CD8 T cells more 3 

resilient to lymphopenia.  It is also possible, as suggested in animal models, that a threshold of 4 

CD4 cells is needed to support homeostasis of CD8 cells and when such threshold is surpassed 5 

CD8 lymphopenia ensues (46). Our observations on anti-lymphocyte Ab with lytic potential may 6 

go beyond ICL and be relevant to other diseases associated with lymphopenia, including primary 7 

immune deficiencies (PID) (47). This is supported by our finding of autoantibodies and 8 

complement deposition induced by sera from two patients who initially enrolled in our ICL study 9 

to later be diagnosed with a specific PID. 10 

We have recently identified a subgroup of ICL patients whose T cells, once outside their human 11 

environment, were able to reconstitute a lymphopenic host similarly to T cells from HC (8). These 12 

findings suggest that in approximately half of the ICL patients the lymphopenia is driven by 13 

extrinsic factors to CD3 T cells. In the other half of the ICL patients, T cells were not able to 14 

reconstitute the lymphopenic host, pointing to a T-cell intrinsic driver of the lymphopenia. While 15 

we found autoantibodies and ADCC activity in sera from patients belonging to both groups, it is 16 

possible that the reconstituting group of ICL patients incorporates patients whose autoantibodies 17 

might be playing a more prominent role in their lymphopenia; this subgroup may be more likely 18 

to benefit from therapies focusing on inhibiting the Ab response.  19 

In conclusion, our study shows that ICL patients have IgM and IgG autoantibodies of broad 20 

specificity, some of which have anti-lymphocyte reactivity that can cause cytotoxicity. These 21 

autoantibodies may be contributing to CD4 lymphopenia and may thus represent a novel 22 

therapeutic target. Potential therapeutic strategies could entail suppressing the production of 23 



 24 

autoantibodies as planned currently by our group at NIH with belimumab (48) or even the 1 

consideration of a more direct approach to inhibit complement activation in a select group of 2 

patients (49). Attempting to treat an autoimmune disease in people with an underlying immune 3 

deficiency that puts them at risk for opportunistic infections poses unique challenges but at the 4 

same time may be a promising therapeutic approach.  5 

  6 
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Methods 1 

ICL patients and healthy control (HC) study participants  2 

Study participants provided PBMC, sera and plasma through enrollment in the clinical protocol 3 

“Etiology, Pathogenesis, and Natural History of Idiopathic CD4+ Lymphocytopenia” 4 

(https://clinicaltrials.gov/ct2/show/NCT00867269) or through the National Institutes of Health 5 

(NIH) blood bank for HC. Eligible ICL participants were adults with confirmed ICL (CD4 T-cell 6 

count <300/µL at screening and on at least one other occasion, at least 6 weeks apart, in the absence 7 

of any illness, treatment, or condition accounting for CD4 lymphopenia). HC PBMC, sera and 8 

plasma were collected through the NIH blood bank. Clinical autoantibodies used to classify ICL 9 

patients into groups 1, 2 and 3 were: ANA, at least one value above >3 EU, dsDNA  at least one 10 

value >30   IU/ml, Anti-ENA, Anti-SmRNP, anti-Smith (SM), SSA, SSB, Jo-1, Scl-70 – at leat 11 

one value above 25 EU (strongly positive). Anticardiolipin IgG (>18 GLP), ACA IgM (> 22 GLP), 12 

Anti-beta 2 GP1 IgG IgG, IgM, IgA values more than 15 IU/ml. Anti-Thyroglobulin Ab values 13 

more than 40 IU/ml, or Thyroid peroxidase Ab more than 35 IU/ml. Those in group 3 fulfilled 14 

American College of Rheumatology or other society-defined criteria for the following diseases: 15 

autoimmune hemolytic anemia or ITP, atopic dermatitis, SLE, pernicious anemia, psoriasis, 16 

psoriatic arthritis, discoid or other cutaneous lupus, autoimmune hypothyroidism  (Hashimoto’s 17 

thyroiditis), Graves disease, Crohn's diseases, ulcerative colitis, dermatitis herpetiformis/Gluten-18 

Sensitive enteropathy, and vitiligo. 19 

 20 

Screening for antibodies against known autoantigens with an autoantigen array  21 

Sera from 51 ICL patients and 25 HC pretreated with DNAse I were diluted 1:50 and hybridized 22 

to an autoantigen array containing 128 antigens 23 
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(https://microarray.swmed.edu/products/category/protein-array/) (19). After washes, antibodies 1 

bound to the array were detected with Cy3 labeled anti-human IgG and Cy5 labeled anti-human 2 

IgM secondary antibodies. GenePix® 4400A Microarray Scanner was used to scan the arrays, and 3 

GenePix® 7.0 software to analyze fluorescent intensities. PBS signal intensity was subtracted from 4 

the average signal intensity from duplicate spots to generate the average net fluorescence intensity 5 

(NFI). The signal to noise ratio (SNR) was calculated as the (NFI- median background signal 6 

intensity)/ standard deviation of the background intensity.  The antibody score (Ab-score) was 7 

calculated as log2 (SNRxNFI+1). The Ab-scores were further used for batch correction. The batch 8 

effects were removed using a non-parametric empirical Bayes approach (50). Z-scores were 9 

calculated as the number of standard deviations of Ab-score from the mean of HC. 10 

 11 

Antibody profiling by ProtoArray  12 

Sera from 34 ICL patients and 15 age matched HC were diluted 1:500 in PBS with Tween. The 13 

sera were then incubated on the Human Protein Microarray v5.1 (ThermoFisher Scientific) 14 

displaying more than 9,000 human proteins. Alexa Fluor 647–conjugated anti-human IgG was 15 

used as secondary antibody. The array slides were scanned with a GenePix 4000B fluorescent 16 

scanner (Molecular Devices). ProtoArray data were preprocessed for background correction, batch 17 

filtering, and data normalization using PAA package (51, 52). Spot duplicates were condensed by 18 

taking the smaller value and only proteins with relative fluorescence units (RFU) > 500 in at least 19 

one sample were selected for further analysis. Z-scores were calculated as the number of standard 20 

deviations of signal from the mean of the HC group. Proteins targeted by autoantibodies were 21 

analyzed through the use of Ingenuity Pathway Analysis (QIAGEN Inc., 22 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/) 23 
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to identify possible associated upstream transcriptional regulators and molecular and cellular 1 

functions that may be affected. 2 

 3 

Flow cytometry 4 

Cells were blocked with anti-human CD16/32 antibody (BD Bioscience) for 10 minutes (min) 5 

before adding fluorochrome conjugated antibodies (Table S6). We used 7-AAD (BD Bioscience) 6 

or LIVE/DEAD (L/D) fixable Dead Cell Stain kits for the blue, aqua, near-IR (Invitrogen) to 7 

exclude dead cells. Cells were then incubated for 20 min at room temperature and washed once 8 

with 1% BSA-PBS before acquisition using a Fortessa or an LSRII (both from BD Biosciences). 9 

Analysis was done with FlowJo (Tree Star) software (version 9.9.6 and above). 10 

 11 

Detection of antibodies against CD4 and CD8 T cell membrane molecules by flow cytometry 12 

After blocking with anti-human CD16/32 antibody (BD Bioscience), two million HC PBMC were 13 

incubated in 100 µL of PBS or 100 µL of plasma from either HC or ICL donors for 30 min at room 14 

temperature. Cells were washed once with PBS and then stained with fluorescently labeled anti-15 

human IgG, IgM, IgG1, IgG2, IgG3 or IgG4 antibodies (Supplemental Table 7) to detect the 16 

presence of autoantibodies targeting membrane molecules on HC CD3 T cells. For each Ig channel 17 

we calculated the MFI and identified the presence of anti-CD3 T cells antibodies when the ratio 18 

ICL MFI/HC MFI was ≥2.   19 

 20 

NK mediated antibody dependent cytotoxicity (ADCC)  21 

Using the EasySep™ Human NK Cell Isolation Kit, NK cells were negatively selected from HC 22 

PBMC and incubated with 1,000 IU/mL of rhIL-2 (Peprotech) at 37°C overnight. A portion of the 23 
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same HC PBMCs not used for NK cells isolation was incubated at 37°C overnight and used the 1 

following day as target cells. The target cells were labeled with 0.6 µM of CFSE and incubated 2 

with 100 µl of plasma from either HCs or ICL patients for 30 minutes at room temperature. After 3 

washing with PBS, the target cells were plated in duplicate at 10,000 cells/well in a U bottom 96 4 

well plate. The autologous NK cells were then added at the described E:T ratios, except for two 5 

wells for each plasma donor where no NK cells were added as controls. After four hours the cells 6 

were harvested and stained for flow cytometry. We added counting beads (ThermoFisher) to the 7 

FACS tubes immediately before analyzing them by flow cytometry. By adding the same known 8 

number of beads to all FACS tubes, we were able to quantify the live cells remaining in the wells 9 

in the presence or absence of NK effectors.  We used these numbers to calculate the percentage of 10 

killing applying the following formula: 100-(Number of target cells at a particular E:T/Number of 11 

target cells in the absence of NK effectors) x100. Anti-CD20 antibody (Rituximab) was used for 12 

ADCC assays as positive control and only experiments where Rituximab induced ADCC on B 13 

cells were used for analyses. 14 

 15 

Complement deposition assay 16 

PBMC from HC were incubated with HC or ICL sera as described above for the detection of 17 

antibodies against CD4 and CD8 T cells by flow cytometry. During the 30 min incubation, GVB 18 

buffer (CompTech complement Technology Inc) was heated at 37°C and frozen normal human 19 

serum (NHS) (Cedarlane) was thawed on ice. NHS was diluted 1:30 in GVB buffer and 400 µL of 20 

this dilution was added to the HC PBMC tubes after their incubation with HC or ICL serum. After 21 

a second incubation at 37°C for 1 hour with sporadic inversion of the tubes, cells were washed with 22 
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PBS and stained with anti-C3b antibody (Table S6) to detect complement deposition on CD4 T 1 

cells by flow cytometry.  2 

 3 

Complement Dependent Cytotoxicity (CDC)  4 

Healthy Control PBMC were incubated with HC or ICL sera as described above for the detection 5 

of antibodies by flow cytometry. As positive control, an aliquot of PBMC was incubated with 6 

mouse IgG2a anti-human CD4 Ab (clone M-T477, BD Biosciences). During the 30 min incubation 7 

of the PBMC with HC or ICL serum, rabbit complement (Cedarlane) was reconstituted following 8 

manufacturer instructions and diluted 1:4 in complete media with 10% FBS. After the incubation 9 

with sera and washes, the PBMC were resuspended in the rabbit complement medium and 10 

incubated at 37°C for 2 hours. After two washes with 1% BSA-PBS the samples were stained, 11 

fixed in 1% PFA, and analyzed by flow cytometry using counting beads (ThermoFisher) to obtain 12 

absolute cell numbers as described for the ADCC method. The percentage of CDC was calculated 13 

using the following formula: 100-(number of CD4 T cells incubated with serum/number of CD4 14 

T cells incubated with PBS) x 100.  15 

 16 

Immunoglobulin depletion and purification from human sera and plasma  17 

Protein G HP SpinTrap (GE Healthcare) was used to deplete human sera of IgG following the 18 

manufacturer instructions. Briefly, after the column storage buffer was removed by centrifugation 19 

for 30 seconds at 100 g., the column was washed with 600 µL of binding buffer (20 mM sodium 20 

phosphate, pH 7.0) and centrifuged for 30 seconds at 100 g. After diluting the healthy control or 21 

ICL patient sera 1:10 on binding buffer, 600 µL was added to the spin trap and spun at 100 g for 22 

30 seconds. The run through was collected as IgG depleted sera. To purify IgGs from human 23 
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plasma, Dynabeads® Protein G Immunoprecipitation Kit (Thermo) was used as per manufacturer 1 

instructions. Briefly, plasma from HC or ICL patients were diluted 1:10 on the provided binding 2 

buffer. Protein G beads were washed by placing the beads on the magnet and removing the storage 3 

buffer. The beads were re-suspended in 50 µL of binding buffer and added to 600 uL of the diluted 4 

plasma. After a 10 min incubation at room temperature with constant rotation, the samples were 5 

placed on the magnet and the supernatant was collected as IgG depleted plasma. To isolate the 6 

IgG, 20 µL of elution buffer was added to the beads and incubated for 3 minutes at room 7 

temperature. The samples were placed then on the magnet and the supernatant was collected as the 8 

purified IgG fraction. 9 

To deplete total immunoglobulins from patient sera, PierceTM Thiophilic Absorption Kit 10 

(ThermoFisher) was used. After 3 washes of binding buffer, patient sera, diluted in binding buffer 11 

1:3000, was loaded on the thiophilic adsorbent columns. The samples were allowed to completely 12 

enter the resin bed, before the column was washed with at least 12 mL of binding buffer. The flow 13 

through was collected as the IgG and IgM depleted sera. Amicon® Ultra-4 centrifugal filter units 14 

(Millipore Sigma) was used to for buffer exchange, spinning at 3000 rpm for 60 minutes for 8 15 

exchanges. 16 

 17 

Measurements of complement proteins and activity in serum and plasma from HC and ICL 18 

donors 19 

CIC C1q (Buhlmann Diagnostics Corp.), CIC C3d, C1q, C5a, (Abcam), C9 (Cusabio) and CH50 20 

Eq EIA (Quidel Corporation) were measured with enzyme-linked immunosorbent assays in 21 

duplicate and after the first thaw of cryopreserved acid citrate dextrose plasma for all except for 22 
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CH50 Eq EIA, that was measured on cryopreserved sera and according to the manufacturers' 1 

instructions. 2 

 3 

Statistics  4 

Two-tailed non-parametric tests were used to compare ranks or differences between groups. 5 

Graphpad prism (v. 8.1) was used for statistical tests. A P value less than 0.05 was considered 6 

significant. For autoantibody detection Bonferroni correction was used to calculate statistical 7 

significance. Python (version 3.5) and packages Pandas (0.22), Seaborn (0.90), SciPy (1.3) were 8 

used for analysis of the protoarray data. Cluster maps were created based on Euclidean distances. 9 

R (3.5) was used for the Principal Component Analysis with Vegan (2.5) package. Experiment-10 

specific statistic methods are described in the figure legends. 11 

 12 

Study approval 13 

This study was approved by the Institutional Review Board of the National Institute of Allergy 14 

and Infectious Diseases (NIAID), and informed consent was obtained from all participants prior 15 

to any study procedures in accordance with the Declaration of Helsinki.   16 
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Figure Legends 1 

Figure 1. ICL patients have increased prevalence of IgG and IgM autoantibodies compared 2 

to healthy controls. Sera from 51 ICL patient and 25 HC were screened for autoantibodies using 3 

a high-throughput 124 autoantigen microarray platform. (A) Volcano plots of the IgG and IgM 4 

autoantibodies, on the left and the right, respectively, displaying –log10(p value) on the y-axis 5 

versus log2 (average Ab-score in ICL samples/average Ab-score in HC samples) on the x-axis. 6 

Each circle represents an autoantibody, highlighting in blue (IgG) or green (IgM) the statistically 7 

significant positive autoantibodies between the HC and the ICL groups, calculated with the non-8 

parametric Mann-Whitney test with Bonferroni Correction. Only targets having p<(0.05/122, 9 

being 122 the number of comparisons) were considered significant and are highlighted. (B) Venn 10 

diagram showing antigens recognized by both IgG and IgM (pink) vs by only IgG (blue) or only 11 

IgM (green) autoantibodies. (C) Number of autoantibody targets with Z>4 for HC and each 12 

subgroup of ICL patients. Z-scores for each target were calculated as the number of standard 13 

deviations the Ab score was above the mean of the HC Ab score for of each target. Group 1 (open 14 

circles, n=22) corresponds to ICL patients without a diagnosed autoimmune disease and without a 15 

positive test for a set of clinical autoantibodies. Group 2 (cyan circles, n=15) corresponds to 16 

patients who tested positive for clinical autoantibodies but did not meet clinical criteria for any 17 

specific autoimmune diagnosis. Group 3 (blue circles, n=14) corresponds to patients who had been 18 

diagnosed with one or more autoimmune disease. Data were pooled from two independent 19 

experiments. **, p<0.01; ***, p<0.001; ****, p<0.0001 by Kruskal Wallis and Dunn’s correction 20 

for multiple comparisons 21 

 22 
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Figure 2. ICL patients have high levels of IgG autoantibodies against a wide range of human 1 

proteins. Sera from ICL patients (n=34) and healthy controls (HC) (n=15) were screened for the 2 

presence of autoantibodies using the Human Protein Microarray v5.2. Sera were incubated on a 3 

microarray that displays over 9,000 full length human purified proteins in their native 4 

conformations. Data were batch corrected, filtered for Relative Fluorescence Level (RFU)>500 5 

for at least one sample for each particular protein and normalized. The Z score for each target was 6 

calculated as the number of standard deviations the signal for a specific target had above the mean 7 

of the HC. (A) Proportion of HC (grey) or ICL patients (blue) that had IgG antibodies at Z scores 8 

≥3, 4 or 5. (B) Number of proteins targeted by IgG antibodies with Z score ≥4 from individual HC 9 

(grey) or patients’ sera grouped according to autoimmune status as described in Fig. 1C. (C)  10 

Percentage of participants (HC, grey; ICL, blue) that shared any of the 2,159 targets found at Z≥11 

4. 	Data were pooled from three independent experiments. **, p<0.01 by Kruskal Wallis and 12 

Dunn’s correction for multiple comparisons. 13 

 14 

Figure 3. ICL patients have IgM and IgG Ab specific for membrane proteins expressed on 15 

CD3 T cells and most of the IgG are IgG1 and IgG4 isotypes. (A) Left and right histograms are 16 

representative examples of IgG and IgM deposition, respectively, caused by sera from ICL patients 17 

or HC (in colors and black, respectively) on HC PBMCs. (B) Summary data representing the ratio 18 

of the IgG and IgM MFI of each patient over the MFI average of its experimental HCs. A ratio ≥2 19 

was considered as positive antibody deposition. Numbers are the fraction of positive patients for 20 

IgG or IgM, in blue and green, respectively. (C) Correlation of IgG vs IgM auto-Ab specific for 21 

CD4 T cells found in the same patient. Numbers represent the percentages of patients with IgG 22 

and/or IgM autoantibodies. (D) IgG (blue) and IgM (green) antibodies binding to CD8, NK or B 23 
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cells detected in the same way as in B. (E) Correlation of IgG autoantibody specific for CD4 T 1 

cells vs. CD8 T cells found in the same individual patient. R and p values obtained by a two-tailed 2 

Spearman correlation. Data in B-E were pooled from 17 independent experiments done on 72 ICL 3 

patients and 30 HC as described on A. (F) IgG subclass distribution of the anti-CD4 T cells IgG 4 

auto-Ab found in 22 ICL patients. The 22 patients were further divided based on whether they had 5 

anti-CD4-cell IgM or not, with seven and 15 patients, respectively. (G) Longitudinal 6 

measurements of CD4 counts per µL of blood, anti-CD4 T cells IgM, IgG and IgG subclasses 7 

sampled over a three year period for ICL-18 (left) and ICL-50 (middle) and over a seven year 8 

period for ICL-30 who was treated with rhIL-7 during the first 6 months. Time point 0 is the 9 

earliest sera sample we obtained for that particular patient.  10 

 11 

Figure 4. Antibodies found in ICL plasma induce antibody dependent cellular cytotoxicity 12 

(ADCC) of HC CD4 T cells. Percentage of HC CD4 T cells killed by ADCC as described in 13 

methods. (A) Paired median percentage of killing induced by ICL (closed circles) or by HC (open 14 

circles) plasma. Each pair of data represent one to six independent experiments in which the 15 

comparison between ICL and HC was done at a specific effector to target ratio (E/T). Data pooled 16 

from 25 independent experiments with E/T ranging between 40 and 60. Bigger and darker blue 17 

and orange circles correspond to patients with positive ADCC killing, determined when the 18 

subtraction of %ICL killing minus %HC killing was greater than 20. ICL patients were divided 19 

into three groups depending on anti-CD4 Ab presence and isotype; Neg. in grey, patients with no 20 

IgG Ab; G1neg in blue, patients with any IgG isotype other than IgG1; G1pos in orange, patients 21 

with IgG1 isotype. Numbers by the arrows identify the ICL patients with ADCC assays shown in 22 

B. **, p<0.01 by a two tailed paired Wilcoxon text. (B) Representative experiments showing 23 
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ADCC of CD4 T cells induced by the plasma from the four patients identified by arrows in A, 1 

compared to HC plasma in open circles, at different E/T. We represent average percentage of 2 

killing from duplicate wells with their standard deviation. IgG was purified (purif.) from HC or 3 

ICL plasma as described in methods and it is shown in closed triangles. ADCC by IgG-depleted 4 

plasma is shown by dashed lines. 5 

 6 

Figure 5. Antibodies against CD4 T cells from ICL plasma or sera cause complement 7 

deposition and complement dependent cytotoxicity (CDC) on CD4 T cells. (A) Representative 8 

staining of C3b deposition induced by ICL-9 plasma (solid magenta), ICL-9 Ig-depleted plasma 9 

(dotted magenta), or pooled plasma from ten HC donors (solid black). (B) C3b deposition induced 10 

by ICL sera on HC CD4 T cells, normalized to the deposition induced by HC sera. We considered 11 

positive for complement deposition a ratio ≥2 (dotted line). Sera samples were categorized into 12 

three groups based on their anti-CD4 antibodies: grey circles, patients with no Ab; blue circles, 13 

patients with IgG (and not IgM) Ab; and orange circles, patients with IgM Ab. Number in upper 14 

left corner represents the number of patients capable to induce complement deposition out of the 15 

total. Numbers with arrows identify the ICL patients whose sera induced CDC of HC CD4 T cells 16 

shown in C. Data pooled from 17 independent experiments. **, p<0.01 by two tailed Kruskal-17 

Wallis with Dunn’s multiple comparisons test. (C) CDC induced by ICL sera (blue and orange 18 

circles) paired by dashed lines to the CDC obtained by the HC sera (open circles) in the same 19 

experiment and to the CDC obtained after Ig depletion (crossed circles). Data pooled from three 20 

independent experiments where each of the ten patients that tested positive for complement 21 

deposition shown in B was tested two to three times. Medians for both ICL and HC are shown. 22 

Same color code as in B with bigger and darker circles corresponding to patients with positive 23 
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CDC, determined when the subtraction of %ICL killing minus %HC killing was higher than 20. 1 

In grey diamonds, a mouse IgG2a anti-human CD4 Ab was used as positive control, with and 2 

without Ig depletion. 3 

 4 

Figure 6. CD4 T cells from ICL patients show evidence of in vivo classical complement 5 

activation. (A) Staining for C1q and C3b on CD4 T cells from 11 ICL PBMC and two 6 

representative HC directly ex vivo without any further incubation or manipulation. Patient ICL-34 7 

was included as an additional negative control, representing a staining profile similar to the rest of 8 

negative ICL patients. Numbers in the quadrants represent the percentage of positive cells out of 9 

the CD4 T cell gate. (B) MFI of complement inhibitor CD59 on CD4 T cells from HC (grey), and 10 

ICL patients without (green) and with (pink) complement (C) deposition as shown in A. (C) 11 

Classical complement activity (represented as CH50) remaining in the sera of HC (grey), and ICL 12 

patients without (green) and with (pink) ex vivo complement (C) deposition. In B and C, the C. 13 

positive patients are the same ones shown in A. Circles represent individual donors and the 14 

horizontal lines the median value for each group. * p<0.05 by Kruskal-Wallis with Dunn 15 

correction.   16 

 17 

Figure 7. The presence of ADCC or complement inducing anti-CD4-cell antibodies is 18 

associated with severe CD4 lymphopenia. We divided the cohort of 72 ICL patients into two 19 

groups, according to their moderate (CD4 numbers equal or above the media of 75 CD4 cells/mL 20 

blood, in white) or severe (CD4 numbers below 75, in red) lymphopenia. (A) Number of patients 21 

with or without anti-CD4-cell antibodies (IgG or IgM) in each of the two groups. (B) Number of 22 

patients with or without anti-CD4-cell antibodies with ADCC or complement activity (ADCC/C) 23 
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in each of the two groups. Complement activity includes both in vitro and in vivo complement 1 

activation. **, p<0.01 by two tail Fisher’s exact test with Baptista-like Odds ratio of 5.71 (1.78-2 

17.14).  3 
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Table 1. Clinical and immunological characteristics of the ICL participants 1 
Characteristic (n=72) ValueA Normal RangeB 

Age 51 (Range: 20-77) - 

Sex 38 Male -34 Female - 

Median follow up (years) 3 (2-4) - 

Infectious complicationsC 51 (71%) - 

Autoimmunity 21 (29%) - 

CD3 cells/μL 315 (134-568) 714-2266 

CD4 cells/μL 75 (32-156) 359-1565 

CD8 cells/μL 154 (54-293) 178-853 

NK cells/μL 130 (91-177) 126-729 

B cells/μL 126 (54-293) 61-320 

Serum IgG mg/dL 842 (696-1087) 700-1600 

Serum IgM mg/dL 79 (56-127) 40-230 

ALymphocyte counts and serum concentrations shown as median with 2 

interquartile ranges in parenthesis measured at the day of the anti-CD4 Ab 3 

testing. 4 

BNormal range (95% reference interval) reported from clinical laboratory at 5 

the NIH Clinical Center.  6 



 48 

CInfectious agents and number of patients; HPV: 26, Cryptococcus: 19, VZV: 1 

11, Molluscum Contagiosum: 8, Histoplasma: 3, PML: 2, MAC:2, HSV-1: 2, 2 

CMV: 2 Candida: 1, PCP: 1, KSHV: 1. 3 

 4 
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Figure 1. ICL patients have increased prevalence of IgG and IgM autoantibodies compared to
healthy controls. Sera from 51 ICL patient and 25 HC were screened for autoantibodies using a
high-throughput 124 autoantigen microarray platform. (A) Volcano plots of the IgG and IgM
autoantibodies, on the left and the right, respectively, displaying –log10 (p value) on the y-axis
versus log2 (average Ab-score in ICL samples/average Ab-score in HC samples) on the x-axis.
Each circle represents an autoantibody, highlighting in blue (IgG) or green (IgM) the statistically
significant positive autoantibodies between the HC and the ICL groups, calculated with the non-
parametric Mann-Whitney test with Bonferroni correction. Only targets having p<(0.05/122, being
122 the number of comparisons) were considered significant and are highlighted. (B) Venn diagram
showing antigens recognized by both IgG and IgM (pink) vs by only IgG (blue) or only IgM (green).
(C) Number of targets with Z>4 for HC and each subgroup of ICL patients. Z-scores for each target
were calculated as the number of standard deviations the Ab score was above the mean of the HC
Ab score for of each target. Group 1 (open circles, n=22) corresponds to ICL patients without a
diagnosed autoimmune disease and without a positive test for a set of clinical autoantibodies.
Group 2 (cyan circles, n=15) corresponds to patients who tested positive for clinical autoantibodies
but did not meet clinical criteria for any specific autoimmune diagnosis. Group 3 (blue circles, n=14)
corresponds to patients who had been diagnosed with one or more autoimmune disease. Data were
pooled from two independent experiments. **, p<0.01; ***, p<0.001; ****, p<0.0001 by Kruskal Wallis
and Dunn’s correction for multiple comparisons
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Figure 2. ICL patients have high levels of IgG autoantibodies against a wide range of human

proteins. Sera from ICL patients (n=34) and healthy controls (HC) (n=15) were screened for the

presence of autoantibodies using the Human Protein Microarray v5.2. Sera were incubated on a

microarray that displays over 9,000 full length human purified proteins in their native conformations.

Data were batch corrected, filtered for Relative Fluorescence Level (RFU)>500 for at least one sample

for each particular protein and normalized. The Z score for each target was calculated as the number of

standard deviations the signal for a specific target had above the mean of the HC. (A) Proportion of HC

(grey) or ICL patients (blue) that had IgG antibodies at Z scores ≥3, 4 or 5. (B) Number of proteins

targeted by IgG antibodies with Z score ≥4 from individual HC (grey) or patients’ sera grouped

according to autoimmune status as described in Fig. 1C. (C) Percentage of participants (HC, grey; ICL,

blue) that shared any of the 2,159 targets found at Z≥ 4.Data were pooled from three independent

experiments. **, p<0.01 by Kruskal Wallis and Dunn’s correction for multiple comparisons.
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MFI average of its experimental HCs. A ratio ≥2 was considered as positive antibody deposition. Numbers
are the fraction of positive patients for IgG or IgM, in blue and green, respectively. (C) Correlation of IgG
vs IgM auto-Ab specific for CD4 T cells found in the same patient. Numbers represent the percentages of
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Figure 6. CD4 T cells from ICL patients show evidence of in vivo classical complement
activation. (A) Staining for C1q and C3b on CD4 T cells from 11 ICL PBMC and two

representative HC directly ex vivo without any further incubation or manipulation. Patient ICL-

34 was included as an additional negative control, representing a staining profile similar to the

rest of negative ICL patients. Numbers in the quadrants represent the percentage of positive

cells out of the CD4 T cell gate. (B) MFI of complement inhibitor CD59 on CD4 T cells from

HC (grey), and ICL patients without (green) and with (pink) complement (C) deposition as

shown in A. (C) Classical complement activity (represented as CH50) remaining in the sera of

HC (grey), and ICL patients without (green) and with (pink) ex vivo complement (C)

deposition. In B and C, the C. positive patients are the same ones shown in A. Circles

represent individual donors and the horizontal lines the median value for each group. * p<0.05

by Kruskal-Wallis with Dunn correction.
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Figure 7

ADCC/C anti-CD4 AbAnti-CD4 Ab

Figure 7. The presence of ADCC or complement inducing anti-CD4 cell

antibodies is associated with severe CD4 lymphopenia. We divided the cohort of

72 ICL patients into two groups, according to their moderate (CD4 numbers equal or

above the media of 75 CD4 cells/µL blood, in white) or severe (CD4 numbers below

75, in red) lymphopenia. (A) Number of patients with or without anti-CD4-cell

antibodies (IgG or IgM) in each of the two groups. (B) Number of patients with or

without anti-CD4-cell antibodies with ADCC or complement activity (ADCC/C) in each

of the two groups. Complement activity includes both in vitro and in vivo complement

activation. **, p<0.01 by two tail Fisher’s exact test with Baptista-like Odds ratio of

5.71 (1.78-17.14).
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