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ABSTRACT: 

Background: Workplace exposure to Trimellitic Anhydride (TMA) can elicit TMA-specific 

IgE (sIgE), which may lead to occupational asthma (OA). An occupational 

immunosurveillance program (OISP) has been implemented to monitor TMA exposure and 

immunologic outcomes. The purpose of this study was to determine whether TMA-specific 
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IgG (sIgG) responses can discriminate between TMA-exposed workers with and without 

sIgE responses.    

Methods: Serum TMA-specific antibody (IgG, IgG4 and IgE) levels were estimated 

longitudinally (years 2006 to 2014) in TMA-exposed workers recruited in low, medium and 

high exposure areas. sIgG and sIgE titers plotted against exposure duration were compared 

between workers with (a) sIgG only and (b) with sIgG who developed sIgE.   

Results: Among 92 TMA-exposed workers continuously monitored for sIgG and sIgE, 38 

developed sIgG; 11 developed a sIgE response 342.38 ± 186.03 days post-hire and were 

removed from exposure. The average detection time of sIgG in removed workers (159±92 

days) was significantly shorter than for actively exposed workers with only sIgG (346±187 

days). Workers with earlier sIgG responses of higher titer (mean value 42.25 ug/ml) 

compared to delayed responders with lower sIgG titers (mean value 14.79 ug/ml) more 

frequently developed sIgE responses. Hierarchical clustering showed the initial magnitude 

and exposure time required for detectable sIgG production discriminated between workers 

with only sIgG from workers who subsequently produced sIgE.     

Conclusions: This study demonstrates the utility of longitudinally monitoring TMA-specific 

antibodies in an OISP as exposed workers with early sIgG responses and of higher magnitude 

are more likely to develop TMA sIgE sensitization. 

 

Key words: Occupational asthma, hapten, Trimellitic Anhydride, serum antibodies. 

 

Short title: TMA-specific antibody responses in Factory Workers 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

INTRODUCTION:  

An estimated 15% of chronic obstructive pulmonary disease and asthma cases are 

work- related, costing the health care system in the United States over $7 billion due to lost 

work productivity, worker’s compensation and disability(1). Work-place exposure to 

chemicals used in the formulation of paints, plastics, dyes, and adhesives constitute 

increasingly recognized causes of occupational asthma. Industries producing these chemicals 

have proactively established occupational immune-surveillance programs (OISP) in an 

attempt to mitigate or prevent work-related respiratory conditions upon exposure to specific 

agents that are well known to be sensitizing or highly irritating to the upper and lower 

respiratory tracts.  These programs are designed to promote the health, safety and quality of 

life of exposed workers by collecting, analyzing, interpreting health data and designing 

rational intervention strategies.  

A prototypic OISP established to longitudinally monitor workers exposed to 

trimellitic anhydride (TMA), a low molecular weight chemical used as a plasticizer and 

hardener, has been in use for several decades.(2, 3). Inhaled free TMA can be converted to 

trimellitic acid, which acts as a respiratory irritant. However, once systemically absorbed, it 

can also bind to endogenous carrier proteins (e.g. Human Serum Albumin) leading to a 

trimellityl-protein conjugate capable of eliciting TMA specific IgG (sIgG) and  TMAspecific 

IgE (sIgE) antibody responses  which can result in several types of workplace related 

respiratory diseases including occupational rhinitis (OR) and asthma (OA) (3-6).  Workers in 

high TMA exposure areas remain resistant or tolerant (negative for TMA-specific serum 

antibody) or become TMA-sensitized (serum TMA-specific IgG and/or IgE positive) over 

time.  TMA specific antibodies can be measured using standard assays such as ImmunoCAP 

and ELISA.  In addition, we have described the synthesis and usefulness of a TMA-carrier 

protein conjugate which can be used as a skin test reagent to screen workers for TMA sIgE 
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sensitization and that there is a good correlation between ImmunoCAP and skin-test results 

showing cutaneous reactivity (6). 

Grammer et al. previously demonstrated that workers who develop serum sIgE 

antibody to TMA are more likely to develop respiratory disease with continued exposure(7). 

Despite implementation of state of the art engineering controls and personal protective 

measures to limit exposure, susceptible workers with TMA exposure continue to become 

TMA sensitized. Once a worker has become sensitized, early diagnosis and medical 

management, which involves exposure reduction or complete removal from high exposure 

areas is imperative. Thus, immunosurveillance using TMA-specific serum antibodies as 

markers for exposure and sensitization has been very successful in preventing TMA-induced 

occupational lung disease (6).  

Several studies have confirmed a strong association between TMA sIgG and sIgE 

serum antibodies and subsequent development of occupational respiratory diseases (3, 7-10). 

Particularly, TMA sIgE, demonstrated though positive serologic or skin tests, has been shown 

to be an independent risk factor for developing work-related bronchial hyper-responsiveness, 

while other factors such as smoking history, atopic status (i.e., sensitization to common 

inhalant allergens), and age were not significant after controlling for FEV1 (forced expiratory 

volume in 1s) (11). Current practice is to remove workers from high TMA exposure areas 

only after developing sIgE, since present data is insufficient to predict early on whether a 

worker who develops TMA serum sIgG will go on to develop TMA sIgE, or remain tolerant. 

Furthermore, limited data is available concerning long term outcomes after sIgE sensitized 

workers are removed from further exposure.  Grammer and colleagues retrospectively 

investigated 29 TMA exposed workers diagnosed with TMA-induced immunologic lung 

diseases who had been moved to low exposure jobs for more than one year(12). About half of 

the symptomatic workers showed significant improvement in their symptoms. For those 
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workers who did not improve, their sIgE levels were higher lending to speculation that a 

higher sIgE could be a marker for poorer outcomes even after complete removal from further 

TMA exposure. 

Longitudinal assessments of specific antibody (IgG, IgE, IgG4) responses have been 

performed for relevant environmental allergens(13). Animal models of TMA exposure 

demonstrated a robust TMA sIgG along with sIgE response (14, 15). In the present study, we 

asked the question whether the time from first TMA exposure to development of TMA sIgG 

is associated with subsequent sIgE response in TMA-exposed workers. Our hypothesis was 

that TMA exposed workers who develop a more rapid onset of TMA sIgG are more likely to 

develop TMA sIgE compared to workers who have a delayed or no TMA sIgG antibody 

responses.  

MATERIALS AND METHODS:  

Subject Population: De-identified data on TMA-exposed workers for this study was 

longitudinally collected between 2006 through 2014 as part of an ongoing OISP.  As the 

database used was retrospective and de-identified, the University of Cincinnati IRB ruled that 

this was not human research and therefore an informed consent was not required.  All TMA 

exposed workers are required to participate in the OISP as part of their employment 

agreement.      

TMA Exposure Levels: The TMA production facility has been divided into four areas 

depending on the TMA-exposure levels: L1- undetectable TMA exposure e.g. front office; 

L2- very low TMA exposure e.g. research laboratory; L3- High potential for TMA exposure 

(TMA production area) and; L4-very high potential for TMA exposure (TMA-

packaging/warehouse). Workers with intermittent exposure included maintenance, fire 

fighters and emergency medical personnel as well as supervisors.  The high and very high 

TMA exposure areas (L3 and L4) have the potential for exposure higher than the 
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recommended PEL (Permissible Exposure Limit =0.04mg/m
3
 of air).  Workers in high 

exposure areas (L3 and L4) included packaging stuff, quality control engineers and 

warehouse and production workers who had frequent or consistent exposure to TMA dust or 

fumes. All workers in high exposure areas are also required to wear personal protective 

exposure equipment (Tyvek suits and respirators).   

Occupational Immunosurveillance Protocol: To monitor immune responses over time, a 

database including the worker’s age, gender, hire date, exposure status and TMA-sIgG, 

sIgG4, sIgE levels and total IgE levels is maintained.   If TMA exposed workers develop 

sIgG after hire, blood samples to measure specific antibody responses are collected every 3 

months otherwise samples are collected every 6 months.  In general, workers with TMA sIgG 

are not removed from TMA exposure.  However, if workers develop TMA sIgE and/or 

clinical symptoms consistent with asthma they are removed from further TMA exposure and 

monitored for resolution or decline of specific antibody responses and/or clinical symptoms.   

Study Design: Only TMA-naïve exposed workers who were hired to work directly with 

TMA between 2006-2014 were included in this analysis since the OISP was restructured at 

that time to capture TMA sIgG, IgE and IgG4 longitudinally over consistent time points.  

Since the purpose of this study was to understand the kinetics of TMA sIgG production and 

subsequent TMA sIgE production, TMA-exposed workers with TMA sIgG and/or sIgE prior 

to 2006 were not included in this analysis.     

Antibody Measurements:  TMA-specific IgG, IgG4, and IgE antibody measurements were 

performed commercially using Phadia ImmunoCAP 1000 platform (Uppsala, Sweden). 

Briefly, this system measures antibody responses to a TMA-HSA conjugate covalently 

coupled to an encapsulated hydrophilic carrier polymer (cellulose). The binding of sIgE to the 

TMA-HSA conjugate was detected using either anti-IgG, IgE or IgG4 β-galactosidase labeled 

secondary antibody. Signals were developed using MUG (4-Methylumbelliferyl-ß-
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Dgalactoside) per manufacturer’s protocol. A high fluorogenic signal correlates with higher 

levels of TMA antibody responses. Undiluted samples were used for sIgE detection, whereas 

for sIgG and sIgG4 testing, samples were diluted 1:100 with diluent. Each immunoglobulin 

assay used a six-point calibration curve using manufacture-provided calibration strips 

(corresponding to IgE concentrations 0, 0.35, 0.7, 3.5, 17.5 and 100 kU/L). The measured 

fluorescence units were evaluated against the calibration curve and expressed as 

concentration of allergen-specific units (kU/L). For the sIgG and sIgG4 assays, results are 

expressed in mass units (μg/mL). The range of detection for TMA sIgE is 0.10 to 100 kU/L, 

for TMA sIgG is 2.0 to 200 μg/mL and for TMA sIgG4 is 0.15 to 30 μg/mL (Viracor 

Eurofins, Lee’s Summit, ML).  

Data Collection and Analysis:  To determine the kinetics of TMA specific antibody 

responses, all data-points for TMA sIgG, IgE and IgG4 and total IgE for all workers assigned 

to areas with high TMA exposure from the time of hire in or after 2006 (negative TMA 

specific antibody) until the last available data point in 2014 were included in the data 

analysis. The titer of TMA sIgG response at the first time of detection and at the peak level 

prior to removal of the worker from TMA exposure was compared between those groups of 

workers with TMA sIgG only and those with both TMA sIgG and sIgE.  In addition, the 

mean, median, standard deviation (SD) and standard error of the means (SEM) for all TMA 

sIgG and sIgG4 responses were calculated and compared between actively TMA exposed 

workers and those removed because of TMA sIgE. For calculating the magnitude of specific 

antibody responses, when a worker was moved from a higher (Level 3 or 4) to a lower (Level 

1 or 2) exposure level, the values prior to relocation were included in the final analysis. 

Antibody profiles of workers with TMA sIgG versus those with sIgG and sIgE (removed 

workers) were plotted.  
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Statistical Analysis: All descriptive statistics and between-group comparisons were 

performed using SAS 12 (Statistical Analysis Systems, Cary, NC).  Workers with TMA 

specific-IgE >0.34 kU/L and/or TMA specific-IgG >7.0 µg/ml anytime during the 

surveillance time period were included for analysis and a P value < 0.05 was considered 

significant.  Workers were clustered by time to detectable TMA-sIgG and the magnitude of 

TMA-sIgG to determine whether these parameters could discriminate subjects who 

developed TMA sIgE from those who only produced TMA sIgG using a hierarchical 

clustering approach (16, 17).  Kinetic profiles (expressed as days since hire) and magnitudes 

(expressed as kU/L) for serum antibodies over duration of exposure for the TMA exposed 

workers with sIgG and removed workers with sIgG and sIgE, were generated using JMP 

SAS® software package (Statistical Analysis Systems, Cary, NC). 

 

RESULTS:  

TMA Exposure and Specific Antibody Responses: Distribution of workers in different 

TMA exposure levels and associated antibody responses are summarized in Table-1. Ninety-

two workers were hired between 2006-2014, of which 18 were recruited to work in L3 and 31 

were recruited to work in L4 exposure areas of the factory, while others were hired to work in 

an L2 exposure level or in office/maintenance jobs which involved none or short-term 

intermittent TMA exposure.  Out of 92 workers, a total of 25 TMA exposed workers (2 from 

L3 and 23 from L4 exposure areas) developed sIgG, while two additional worker who were 

assigned to L4 exposure produced sIgG, transiently and marginally with detectable sIgE (1.42 

kU/L).  Out of this workforce, a total of 11 workers who primarily developed sIgG 

subsequently developed sIgE response and were removed from the high exposure areas.  
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Out of the 77 actively TMA exposed workers, 12 developed sIgG, 10 of which did so within 

this study period and thus were able to be included in the longitudinal analysis of TMA 

specific antibody responses. Similar longitudinal analysis could be performed for 9 out of 11 

workers who developed sIgE and were subsequently removed from further TMA exposure. 

None of the TMA-exposed workers who developed TMA sIgG or sIgE developed any 

symptoms or changes in lung function indicative of occupational asthma or other respiratory 

diseases, which suggests that the OISP was effective. 

Longitudinal Analysis of Workers with TMA sIgG Versus sIgG and sIgE Between 2006 

and 2014: Figure-1a summarizes the magnitudes of TMA specific antibody (sIgG, sIgE and 

sIgG4) responses for workers in the high TMA exposure areas (level 3 and 4). All workers 

were male. There were no significant age differences between actively exposed and removed 

workers or those with or without TMA sIgG, sIgG4 or sIgE responses (according to age 

requirements in the hiring policy; data not shown). The mean and median sIgG, sIgG4 and 

sIgE antibody levels for all actively exposed workers (sIgG and sIgG4 only) and removed 

workers (sIgG and sIgE) expressed as kU/L were calculated. Actively exposed workers had a 

higher in magnitude sIgG4 whereas removed workers with high sIgE had a higher in 

magnitude sIgG.  In addition, the over-all antibody status of removed and actively exposed 

workers is illustrated in Figure-1b. Removed workers with both TMA sIgG and sIgE had a 

significantly higher average level of sIgG and sIgE (p< 0.05), with a modest decrease in IgG4 

(p=0.245), compared to actively exposed workers.  The decreased sIgG4 value in the 

removed group compared to the actively exposed group supports the notion that sIgG4, rather 

than sIgG may be a good marker of persistent high TMA exposure levels, as reported by 

previous investigators(18-20).  Tomee et al suggested that IgG4 responses may be associated 

with chronic exposure.(18)  This was also evident in the wheat allergen exposure-response 

model, where an increase in wheat allergen concentration was significantly associated with 
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IgG4 production in both wheat sensitized and non-sensitized bakery workers.(21) A similar 

result was observed for allergen-specific IgG4 responses among laboratory animal handlers 

demonstrating that IgG4 is a marker of exposure.(19, 22) 

Kinetic assessment in high TMA-exposed workers who developed sIgG with or without 

sIgE:  In order to characterize the sIgG response in workers who developed sIgG with or 

without sIgE, sIgG levels were plotted against duration of exposure for both groups.  Figure-2 

illustrates TMA sIgG and sIgE titers plotted against time for representative workers who 

produced sIgG alone (a and b) or with sIgE (c and d).  

We subsequently compared the exposure time required to produce detectable sIgG, 

between worker groups who developed sIgG alone versus those who developed sIgG and 

sIgE.  

Figure 3 illustrates the average time (in days) for detectable and peak sIgG as well as time to 

detectable sIgE in removed workers. It shows that the initial and peak sIgG levels occurred 

earlier in those workers with sIgG and sIgE who were ultimately removed from TMA 

exposure areas compared to active workers with sIgG only.  Table 1s summarizes the 

descriptive statistics of specific antibody kinetics in exposed workers.  In the actively 

exposed worker group, the median time to sIgG was 278 days after hire. This timeframe was 

approximately 131 days for workers who subsequently developed sIgE. Serum sIgG reached 

peak concentration in 415 days in the actively exposed worker group compared to 215 days 

in the removed group (Figure-3). The median and mean times for detectable sIgE was 306 

and 342±186 days, respectively for removed workers. The peak TMA-sIgG level is higher in 

workers with sIgG and sIgE compared to those with only sIgG (Figure-4). Interestingly, this 

level of sIgG is also higher at the time of detection in the workers who went on to produce 

sIgE, which can be potentially used as an early biomarker for future sIgE response.    
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A hierarchical clustering (Ward's minimum variance application) approach was used 

to determine whether  the (a) time to detectable TMA-sIgG or (b) the time to detectable 

TMA-sIgG and magnitude of sIgG at the time of detection can discriminate workers with 

TMA sIgG only from workers with both sIgG and sIgE serum antibodies (Figure-5)(16, 17). 

When we used these two parameters, we found that the algorithm could cluster the workers 

into two distinct groups (figure5b). In one cluster (red), three workers with sIgG (G1, G4 and 

G9) were misclassified with eight workers with sIgG and sIgE (GE1, GE2, GE3, GE6, GE7 

and GE8), while all other workers with only sIgG (G2, G3, G5, G6, G7, G8 and G10) were 

clustered together in a separate group (green). Assuming that there are three misclassified 

workers in the red cluster and no misclassified worker in the green cluster (homogeneous 

cluster), the number of correctly classified workers were 15 out of a total of 18 workers 

(83%).  Thus, although the population sizes of both groups were small, our preliminary 

analysis indicated that the time to development of sIgG in combination with the magnitude of 

the initial sIgG at the time of detection can differentiate Group-1 (sIgG only) from Group-2 

(sIgG and sIgE) with more than 80% accuracy.  

Discussion:  

While TMA sIgE has been found to be highly associated with the development of  

TMA induced occupational rhinitis and asthma in TMA-exposed workers (5, 10), the role of 

sIgG in occupational asthma has been less clear and is usually regarded as a marker of TMA 

exposure(23, 24). The results of our study suggest an alternative role for serial monitoring of 

sIgG as earlier detection of sIgG after initial high TMA exposure appears to be predictive of 

subsequent sIgE production.  This information is very useful to the ongoing OISP as it will 

help identify much earlier the new workers assigned to high TMA exposure areas at risk for 

developing TMA sIgE responses.  Thus, workers who develop TMA sIgG within 6 months 

after hire would be required to have more frequent sIgE monitoring every three months for at 
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least a year which is the approximate time-point at which TMA sIgE was detected in 

removed workers.  In contrast, workers with TMA sIgG responses that develop after 

approximately one year would require less frequent monitoring for TMA sIgE development 

(e.g., once or twice a year) based on our findings (Figure 6).   

Although, many studies have already established the relationship between specific 

antibody responses and health effects for TMA(25), there has been no clear elucidation of 

predisposing risk factors for developing TMA sIgE(26).    Thus there is an ongoing need for 

an OISP to ensure the safety of TMA exposed workers.   However, based on our data it may 

now be possible to screen and remove TMA exposed workers who produce high levels of 

TMA sIgG earlier after initial exposure which will eventually lead to a workforce that is 

either tolerant or resistant to TMA sensitization.  It should be emphasized that although 

monitoring for specific antibody responses can prevent the development of immunologic 

mediated occupational lung disorders, it cannot prevent irritant induced asthma (a.k.a. 

reactive airways dysfunction syndrome or RADS) which occurs without a latency period after 

a large chemical exposure.  Therefore, an OISP does not negate the need for continuous 

monitoring for TMA exposure and training of personnel to follow standard operating 

procedures and wear personal protective equipment to prevent TMA exposure as much as 

possible.  This OISP has been extremely successful as there have been no reported cases of 

TMA induced occupational asthma or other lung diseases over the course of this 

observational period and to the present day. 

Interestingly, once workers developed TMA sIgE and were removed from further 

exposure, we observed a more rapid decline of sIgG4 compared to sIgG and sIgE over time. 

In fact, sIgG and sIgE persisted much longer than anticipated after complete TMA avoidance. 

The sustained levels of TMA sIgG and sIgE may reflect the persistence of memory B 

lymphocytes which requires further investigation.  The role of sIgG4 in development of 
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sensitization and allergic diseases remains highly debated as to whether it represents a 

protective blocking antibody or a marker of high antigen exposure (27-29) (19, 30). In our 

OISP, the finding that removed workers with high TMA sIgG and sIgE had a more rapid 

decline in TMA sIgG4, in contrast to actively exposed workers who had persistently higher 

IgG4 levels, supports the notion that sIgG4 could be a marker of persistent TMA exposure 

more so than TMA sIgG, which requires further investigation (19, 22, 31).  Additionally, we 

noticed a decrease in sIgG titers after an initial peak in about 60% of sIgG-positive workers 

even with no change in their exposure level. Although the mechanism behind the antibody 

kinetics with sIgG titers reaching a peak before reaching a stable level, even without change 

in exposure level, is poorly elucidated, this observation  supports the notion that IgG4 may be 

a better marker than sIgG for chronic TMA exposure. Longitudinal measurements of sIgG 

subclasses (e.g. sIgG1) in addition to sIgG4 and sIgG could be performed in the future to 

better address this point. However, since sIgG always preceded sIgE response in removed 

workers early sIgG response might be used to predict future IgE response. 

 

Our study has several potential strengths that are noteworthy.  First, although TMA-

workers who develop sIgE are removed from high TMA exposure areas, until now there has 

been no standard way to predict which worker(s) are more likely to produce sIgE. The results 

of this study now suggest that an earlier onset and higher magnitude of TMA-sIgG might be 

useful in predicting TMA exposed workers at risk for sIgE sensitization. Secondly, 

longitudinal monitoring of TMA-naïve new hires assigned to high TMA exposure areas 

provides a unique opportunity to characterize the relationship between TMA exposure levels 

and specific antibody response outcomes. Finally, this OISP confirms that careful monitoring 

of TMA exposure and specific TMA antibody responses prevents the development of OA and 

other lung diseases.   
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There are limitations to this study that require mentioning.  First, this was a 

retrospective study and was limited by a small number of workers with complete data starting 

from date of hire in 2006 through 2014.  However, despite the relatively small population 

size, our results were highly statistically significant suggesting that they are clinically 

relevant.  Ongoing surveillance of existing and newly hired workers assigned to high TMA 

exposed areas will allow us to test and confirm the findings of this study over time.  Finally, 

the interval between two time-points of serologic data collection for workers were 

considerably varied for some workers due to scheduling for blood draws. Collecting data 

more frequently and at regular intervals may have improved the quality of our data.  

 

In summary, adopting primary prevention strategies such as the use of personal 

protective equipment, improved production and packaging engineering procedures are 

effective at decreasing TMA exposure but despite these measures some exposed workers still 

develop TMA sIgE sensitization. Serial monitoring of TMA sIgG and sIgE has been found 

effective at identifying workers who develop TMA sIgE early on so they can be removed 

from further TMA exposure.  We now have identified specific time lines for TMA sIgG 

detection that can be used as a means for stratifying workers at risk for developing TMA 

sIgE.  This information has practical implications for this OISP as it can be used to determine 

the need for more or less frequent specific antibody monitoring. The earlier appearance of 

TMA sIgG with higher serum titers might indicate a genetic susceptibility by some workers 

for hapten sensitization which certainly worth further investigation.    

 

Authors’ contribution: JB directed the OISP and collected data, JB and DG planned the 

analysis, DG and CC performed the analysis, JB and DG wrote the manuscript. Authors have 

no conflict of interest related to this study. 
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Table: 

 

 

Table-1: Number of workers recruited in different TMA exposure areas according to their 

antibody responses. Ten of 18 actively exposure workers in L4 areas developed sIgG; two 

subjects with sIgG (marked with asterisk) transiently produced borderline sIgE (sIgE 0.11 

kU/L to 0.27 kU/L).  Only 2 of 18 workers in L3 exposure developed sIgG. In contrast 11 of 

13 removed workers in an L4 exposure area developed sIgG and sIgE and two developed 

sIgG only. 

 

 

L1 L2 L3 L4 L1 L2 L3 L4

Total 

number 
No TMA-specific Ab 22 19 16 6 0 2 0 0 65

With only sIgG 0 0 2 10 0 0 0 2 14

With sIgG + sIgE 0 0 0 2* 0 0 0 11 11

Total Number of workers recruited 22 19 18 18 0 2 0 13 92

      Removed workers (N=15)                    Active workers  (N=77)
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Figures: 

 

*Two workers in the actively exposed area with borderline sIgE were re-assigned to lower 

exposure areas.    

Figure-1: (a) Titers of of TMA-specific antibody classes (sIgG, sIgE, sIgG4) in TMA-

exposed workers in high exposure areas (level 3 and 4) (b) Diagrammatic representation of 

average TMA-specific antibody profiles of active and removed workers.  Removed workers 

manifest significantly higher average sIgG and sIgE values compared to actively exposed 

workers. sIgE values were expressed in kU/L, while specific IgG and specific IgG4 values 

were expressed in μg/mL. 

 

Figure-2. Representative curves showing TMA-sIgG and TMA-sIgE titers plotted against 

time (days after hire) for actively exposed workers (with sIgG alone; a and b) and removed 

workers (with sIgG and sIgE; c and d). Each removed worker produced sIgG prior to 

producing sIgE. Days after hire when workers were removed are depicted for 2c (1684 days) 

and 2d (877 days) are depicted. 
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Figure 3: The average time (days) required for detectable sIgG and peak sIgG in workers 

with sIgG only (Group: Active) versus sIgG and sIgE (Group: removed) is shown. The 

average time to detection for sIgG in removed workers of 159±92 days was significantly 

shorter than actively exposed workers with only sIgG of 346±187 days. The average time of 

sIgE detection in the removed group was 342±186 days. 
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Figure-4. The initial and peak sIgG titers of active and removed workers demonstrates that 

both initial and peak sIgG levels were significantly greater for removed workers with sIgG 

and sIgE (p-values 0.03 and 0.02. respectively). 

 

Figure-5: Samples clustered by either (a) time to detectable sIgG only or (b) in combination 

with initial sIgG titer at the time of detection. Workers with TMA-sIgG were designated as 

G1 through G10, while those who later developed sIgE in addition to sIgG were designated 

as GE1 through GE8. Results indicate that the time to detectable sIgG can discriminate 

between Group-1 and Group-2 with about 72% accuracy. However, this parameter when 

combined with the time of the initial sIgG titer can discriminate between these two groups 

with approximately 80% accuracy.  The two clusters are depicted in red and green colors.  
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Figure-6:  Flowchart illustrating the course of TMA-associated antibody responses. Workers 

recruited to high exposure areas produce no TMA-specific antibody, produce sIgG alone or 

produce sIgG in combination with sIgE. Workers who produce sIgG sooner (after 159±92 

days of exposure) with a higher magnitude of sIgG (68.23±64.1 kU/L) are more likely to 

produce sIgG and sIgE (after 342±186 days of hire) and will required reassignment to lower 

exposure area. In contrast, those who produced sIgG later into their employment hire period 

(after 346±187 days of exposure) with a lower magnitude of response (serum sIgG level 

20.15±13.9 kU/L) continued to produce only sIgG. 
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Table-s13
4

Days to detectable sIgG, peak sIgG in actively exposed and removed workers, and days to5
sIgE in removed removed workers: Time-frames (in days after hire) to produce sIgG responses6
in activly exposed (sIgG_act; with only sIgG) and removed (sIgG_rm; with sIgG and sIgE)_have7
been shown. Time-frames to show peak sIgG responses by active and removed workers as well8
as  time to first detection of sIgE in removed workers have been indicated.9

10
days to
sIgG_act

days to
sIgG_rm

days to
peak
sIgG_act

days to
peak
sIgG_rm

days to
sIgE_rm

Mean 307.80 159.25 398.00 209.00 342.38

Std Dev 152.25 91.80 144.42 87.38 186.03

Std Err Mean 48.15 32.46 45.67 30.89 65.77

Upper 95%
Mean

416.71 235.99 501.31 282.05 497.90

Lower 95%
Mean

198.89 82.51 294.69 135.95 186.85

N 10.00 8.00 10.00 8.00 8.00

Variance 23180.84 8426.79 20858.22 7634.57 34607.98

Median 278.00 130.50 415.00 215.50 306.00

11

12

Table-s2:13

Descriptive statistics of serum TMA-specific antibody titers: Initial and peak sIgG titers (in14
IU/ml) in active (with sIgG only) and removed (with both sIgG and sIgE) workers have been15
shown.16

sIgG (μg/mL )
Active
detection

Removed
detection

Active
peak

Removed
peak

Mean 17.37 68.23 26.21 82.25
Std Dev 8.9 64.11 18.44 67.09
Std Err Mean 2.47 18.51 4.12 19.37
Upper 95% Mean 22.76 108.97 34.8 124.88
Lower 95% Mean 11.99 27.49 17.5 39.63
N 14 12 24 12
Median 14.79 42.25 20.00 46.45



2

17

18

19

p-value
0.03

(detection)
0.02

(peak)


	20171108-GhoshD.pdf
	all13348-sup-0001-TableS1-S2.pdf

