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Abstract

Background—Treatment of allergic patients with omalizumab results in a paradoxical increase 

in their basophil histamine release response, ex vivo, to crosslinking anti-IgE antibody. It is not 

known whether this change in response is associated with an increase in intrinsic cellular 

sensitivity, which would be a paradoxical response.

Objective—To determine if the increase in response to anti-IgE Ab is a reflection of an increased 

cellular sensitivity, expressed as molecules of antigen-specific IgE per basophil required to 

produce a 50% of maximal response.

Methods—Patients were treated with omalizumab or placebo agent for 12 weeks (NCT01003301 

at ClinicalTrials.gov) and the metric of basophil sensitivity was assessed at 4 time points, baseline, 

6–8 weeks, 12 weeks (after which treatment stopped) and 24 weeks (12 weeks after the end of 

treatment).

Results—As observed previously, treatment with omalizumab resulted in a marked increase in 

the maximal histamine release induced by crosslinking anti-IgE Ab. This change was 

accompanied by a marked shift in intrinsic basophil sensitivity, ranging from 2.5 to 125 fold, with 

an average of 6 fold at the midpoint of the treatment to 12 fold after 12 weeks. The magnitude of 

the increase in cellular sensitivity was inversely related to the starting sensitivity or the starting 

maximum histamine release. The increased cellular sensitivity also occurred when using LTC4 

secretion as a metric of the basophil response. 12 weeks after the end of treatment, cellular 

sensitivity was found to shift towards the baseline level although the return to baseline was not yet 

complete at this time point.

Conclusions—Treatment with omalizumab results in a markedly increased sensitivity of 

basophils to IgE-mediated stimulation, in terms of the number of IgE molecules required to 

produce a given response. These results provide a better quantitative sense of the phenotypic 

change that occurs in basophils during omalizumab treatment which has implications both 

mechanistic and clinical.
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Introduction

Omalizumab is a recent addition to the therapies being used to treat asthma. It works by 

reducing free IgE levels sufficiently low to reduce the presence of IgE on the cell surface of 

mast cells, basophils and any other cell expressing IgE receptors. It has been established for 

many years that one consequence of the reduction in free IgE is a parallel reduction in FceRI 

on cells that express this receptor1–4. Reduction in FcεRI occurs because bound IgE 

stabilizes FcεRI on the cell surface; unbound receptor is internalized and degraded5, 6. The 

combined reduction in free IgE and FcεRI is necessary to blunt IgE-mediated secretion from 

mast cells and basophils because these cells are exquisitely sensitive to stimulation. For 

example, fewer than 2000 antigen-specific IgE molecules are needed for a half-maximal 

response to antigen but even 100–500 molecules are sufficient to initiate some secretion7. 

With starting densities of 150,000 IgE/basophil, considerable reduction in free IgE and 

FceRI is required to achieve <500 molecules of IgE per cell. A parameter that is highly 

relevant to achieving suppression of cell surface antigen-specific IgE is the ratio of specific/

total IgE; low ratios allow for more rapid suppression of cell surface densities8, 9.

However, recent studies have identified an unexpected effect occurring during treatment 

with omalizumab. Two clinical studies have now shown that peripheral blood basophils 

respond better to stimulation with a pan-specific cross-linking anti-IgE antibody during 

omalizumab treatment10, 11. One reason for not observing a decreased response to a cross-

linking anti-IgE antibody is that the dosing table for omalizumab isn’t designed to strongly 

reduce free IgE and this condition produces a basophil with densities of total cell surface IgE 

sufficient for a maximal response. But this only explains the absence of reduction in 

response to anti-IgE antibody, not an increase. An increased response suggests that other 

changes are occurring. Previous studies have established a modest linkage between the 

maximal amount of histamine release that can be induced by an optimal stimulus and the 

sensitivity of the cell to stimulation7. Cellular sensitivity is defined as the number of 

antigen-specific IgE molecules per basophil required to induce 50% of the maximal 

response (when stimulated with an optimal concentration of antigen). Although there is 

some linkage between these two parameters of IgE-mediated secretion in basophils, the 

linkage is weak and can be broken by exposing the cells to certain conditions. For example, 

maximum release can be increased when basophils are exposed to cytokines12–14 and based 

on the signaling involved, increased without significant increases in cellular sensitivity15–19, 

so that it is possible that the weak linkage that is seen in the general population7 doesn’t 

apply when are subjects are being treated with biological or pharmacological agents. 

Furthermore, a determination of the magnitude of the shift in sensitivity would also have 

additional implications regarding the underlying mechanisms of the change. On a more 

practical level, the metric of cellular sensitivity is the more interesting number for the 

purposes of developing a quantitative sense of what is happening to basophils (or mast cells) 

during omalizumab treatment and for predicting how the competing effects of cell surface 
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IgE reduction and changes in cellular sensitivity will effect the cell’s response11. Therefore, 

it was of interest to determine whether treatment with omalizumab resulted in an increase in 

cellular sensitivity (fewer molecules needed for release) as a first step in a mechanistic study 

of the underlying basis for the change in maximal response.

Material and Methods

Reagents & Buffers

Common materials are purchased as described in the online repository. PIPES-albumin-

glucose (PAG) buffer consisted of 25 mM PIPES, 110 mM NaCl, 5 mM KCl, 0.1% glucose, 

and 0.003% HSA. PAGCM was PAG supplemented with 1 mM CaCl2 and 1 mM MgCl2. 

Labeling with antibodies for flow cytometry was conducted in PAG with 1 mM EDTA 

containing 0.25% BSA in place of 0.003% HSA. Countercurrent elutriation was conducted 

in PAG containing 0.25% BSA in place of 0.003% HSA. Lactic acid buffer for removing 

endogenous cell bound IgE; 0.01 M lactic acid, 0.14 M NaCl, 0.005 M KCl, pH 3.97, 20.

Basophil Histamine Release

Venous blood was drawn into syringes containing PBS-EDTA and basophils were isolated 

using a two-step Percoll-based density-gradient. A portion of the enriched basophils were 

treated with lactic acid (see above) for 10 seconds to remove some of the endogenously 

bound IgE, thus exposing unoccupied receptors for greater sensitization20. Both lactic acid-

treated cells and non-treated cells were divided into aliquots for serial concentrations of 

sensitizing IgE antibody. The concentrations of sensitizing antibody were chosen to provide 

a large range of IgE densities as well as provide some overlap in the IgE densities found on 

cells treated with lactic acid vs. those that were not treated with lactic acid. This was to 

ensure that the treatment with lactic acid did not alter the sensitivity/function of the treated 

basophils, as noted previously7. In general, overlap was accomplished with the chosen 

sensitization concentrations and also demonstrated that the lactic acid treatment did not 

significantly alter the sensitivity of the cells. The cells were sensitized with dilutions of an 

antibody specific for a peptide of HIV protein gp120 in a buffer containing 10 µg/ml heparin 

(which aids sensitization) and 1 mM EDTA at 4°C for 1 hour. For cells not treated with 

lactic acid, the concentrations of gp120-specific IgE were 5 µg/ml, 2.5 µg/ml, 1.25 µg/ml 

and 0.625 µg/ml and for the lactic acid-treated cells, 0.625 µg/ml, 0.31 µg/ml and 0.16 

µg/ml. One aliquot of cells was not sensitized; these cells provided background binding for 

the flow cytometric measurements of bound gp120-specific IgE and were also used for 

testing two concentrations of anti-IgE Ab (6061). The gp120-specific antibody was 

biotinylated. The biotinylation provided a way to both assess the gp120-specific IgE levels 

of the cells after sensitization by flow cytometry and the same strepavidin-alexa647 used for 

flow cytometry (see online repository for additional details of flow cytometry) was also used 

to stimulate the basophils because streptavidin is naturally tetrameric. After washing the 

sensitized cells, a portion were fixed for subsequent flow cytometry. The remaining cells 

from each sensitization condition were stimulated in PAGCM buffer with either an optimal 

concentration of streptavidin-alexa647 (1/500,000 dilution of stock reagent, as determined in 

pilot studies) or anti-IgE (HP6061, Hybridoma Reagent Laboratory, 0.5 µg/mL) for 45 

minutes at 37°C. Automated fluorometry was used to measure histamine in cell free 
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supernatants21. Results for each stimulus are reported as a percentage of the total histamine 

content found in an aliquot of perchloric acid-lysed leukocytes after subtraction of 

spontaneous BHR from cells in buffer alone [(stimulated HR – spontaneous release)/(lysed 

HR - spontaneous HR)].

Omalizumab study

The details of this study are very similar to a previously published study9. The current study 

is registered at ClinicalTrials.gov under the identifier, NCT1003301. Briefly, adults, 18–50 

years old, were chosen for their sensitivity to cat allergen. Informed consent was obtained 

via a protocol approved by the Johns Hopkins Hospital Institutional Review Board and the 

National Institute of Allergy and Infectious Diseases’ Data Safety Monitoring Boards. After 

testing for inclusion criteria, adults were entered into the study after a 2 week interval and 

randomized 1:1 omalizumab to placebo treatment. Omalizumab was administered according 

to the manufacturer’s dosing table. The basophil sensitivity assay was performed prior to 

drug administration, repeated at 6–8 weeks, after 12 weeks and in some individuals, 3 

months after the cessation of treatment with omalizumab.. After the study was initiated, it 

was decided that basophils would also be assessed for both FcεRI and syk expression by 

flow cytometry and LTC4 release was measured in supernatants used for histamine analysis. 

These later subjects also returned for an assessment 3 months after the cessation of 

treatment.

Results

Since its initial development22, the method for measuring intrinsic basophil sensitivity has 

been improving as a metric of the basophil IgE-mediated response23. Notably, the method 

has become based on flow cytometric measurements of the antigen-specific IgE densities 

(rather than elution and measurement in RAST assays). For this study, additional 

refinements were added in order to reduce the requirement for larger amounts of blood and 

to potentially allow the method to be used with more generally available reagents. The basis 

of the method is to sensitize basophils with a specific IgE at different densities, and measure 

both the amount of IgE actually bound to FcεRI as well as the basophil’s response to 

antigenic stimulation following sensitization. Sensitization with the same IgE throughout a 

study eliminates concerns that the natural IgE might change its characteristics (e.g., affinity 

and epitope-profile) during treatment. The online repository describes the changes 

incorporated into the current method.

Since individuals’ basophils display different cellular sensitivity values22, 23 and we were 

interested in detecting the average shift in sensitivity in a population of individuals, an 

analytical approach was developed that optimally detected the shift and allowed averaging 

of disparate starting values of sensitivity. The online repository describes the two analytical 

methods used to evaluate the results. Figure 1 shows the results for sensitivity measurements 

made during the omalizumab study. For the 9 subjects that completed the study on placebo, 

there is no statistical difference in the sensitivity curves when comparing the starting curve 

to the curves generated at the midpoint of the study or its final visit during treatment. In 

contrast, there were marked shifts in sensitivity in the basophils of subjects treated with 
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omalizumab. The sensitivity shifted 6 fold at the mid-study assessment and 12 fold at the 

final on-treatment assessment. Sigmoid fit values of the ED50 of 1.03±0.11, 0.18±0.06, and 

0.08±0.03 at baseline, midpoint and final, respectively. Figure E2, in the online repository 

shows individual data for the treated group and the curve fit (+fit envelopes) for both treated 

and placebo groups. Likewise, the maximum histamine release response increased from 1.0 

at baseline to 1.55 ± 0.21 and 1.55±0.14 at midpoint and final measurements, respectively 

(this corresponded to 58%, 89% and 89% histamine release for a maximum in absolute 

terms).

In previous studies10, the fold increase in histamine release to anti-IgE Ab was inversely 

correlated with the starting response to anti-IgE Ab. Likewise, the shift in sensitivity was 

inversely related to the starting absolute sensitivity (figure 2A). The shift in sensitivity was 

also related to the starting maximal response (figure 2B).

Basophils release several types of mediators but the signal transduction mechanisms differ 

somewhat in specifics so that correlations in the magnitude of the response for each type of 

mediator can be somewhat noisy. This is particularly true for the relationship between the 

release of LTC4 and histamine24. However, as shown in figure 3, the basophil also became 

more sensitive when LTC4 was the measured outcome. Likewise, the maximum release of 

LTC4 increased while on treatment. In the same subset of subjects (n=7), FcεRI and syk 

levels (both determined by flow cytometry) at week 12 were 0.28±0.04, 2.1±0.5 fold of 

baseline, respectively.

Previous studies have suggested that cessation of omalizumab treatment results in a slow 

multi-month return of function consistent with the 3–4 week half-life of circulating IgG 

antibodies2. Figure 4 shows that 3 months after stopping omalizumab, basophil sensitivity 

has shifted in the direction of the baseline sensitivity although the shift is only about 50% 

complete.

Anti-IgE antibody has been used to assess the general basophil IgE-mediated response in 

previous studies and the concentrations chosen for previous studies were based on pilot 

work using non-allergic subjects. In those studies, it was surprising to find that both cat and 

peanut allergic subjects showed a somewhat lower EC50 for the anti-IgE Ab being used and, 

during treatment, the results from an abbreviated range of concentrations suggested that the 

point of optimum histamine release shifted. Mechanistically, this was unexpected, so in the 

current study, in addition to the sensitivity measurements presented above, 3 donors were 

examined with a much broader dose response curve to anti-IgE Ab. Figure E3 of the online 

repository shows that response to anti-IgE Ab increased as found previously and there is a 

shift rightward in the EC50 for the response consistent with shifts found for cat and peanut 

antigens.

Discussion

These studies demonstrate that treatment with omalizumab increases intrinsic basophil 

sensitivity and this occurs for both histamine and LTC4 release. The change in sensitivity 

was reversible although it appears to require several months since there was only a 50% 
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recovery after 3 months off drug. It should be noted that an increase in sensitivity is 

generally offset by significant decreases in total and especially allergen-specific IgE 

antibody on the cell surface so that the final effect on the allergen-specific cell response is 

often seen as a reduction in the dose response curve for specific allergen9, 25, 26. The change 

in the allergen full dose response appears to be a good indicator of the efficacy of 

treatment11, 25, 27–29 because the standard allergen dose response curve captures several 

changing parameters of the response (reduction in cell surface allergen-specific IgE, any 

potential changes in IgE affinity, and changes in intrinsic cellular sensitivity). But an 

allergen dose response curve, in isolation, may mask the potentially important changes to 

intrinsic cellular function that are also occurring during treatment. A good example of this 

can be seen in studies of peanut allergy where the concentration of allergen needed to elicit 

basophil histamine release may shift rightward (higher concentrations, as it does in the 

current study, data not shown) but the overall dose response curve and its maximum are 

highly enhanced (also see the anti-IgE dose response curve, figure E3). Recent studies of 

peanut sensitive subjects demonstrate that the changes in the intrinsic IgE-mediated response 

(as assessed by increases in the maximum response to anti-IgE Ab) works against the 

efficacy of omalizumab to modulate the basophil response and may provide a predictor of 

the clinical response as well11. We have recently determined that there were two factors that 

contributed to differences in suppression of the basophil response, the ratio of allergen-

specific IgE to total IgE and the size of the increase in cellular sensitivity. If the ratio of 

allergen specific IgE:total IgE is low enough (<4%), even considerable enhancement in 

cellular sensitivity is not sufficient to prevent suppression when already low densities of 

allergen-specific IgE are reduced by omalizumab. In addition to these factors, not all 

rightward shifts in the dose response result from changes in a simple change in IgE density. 

Changes in the shape of dose response curves could also occur because the ratio of syk and 

receptor density increases30. Finally, since it is not known how much allergen is found in the 

environment of basophils or mast cells, it is not yet clear which aspects of the dose response 

curves are relevant to efficacy. But without knowledge of the change in sensitivity, it is not 

possible to even guess how the various factors will compete. Therefore, demonstrating that 

the basophil becomes 3–125 fold more sensitive to antigen-driven secretion provides a 

framework for future studies of the underlying mechanisms that influence efficacy of this 

therapeutic approach as well as highlight a potentially important process that regulates 

natural basophil sensitivity. Studies are underway to determine if the information about the 

competing effects of sensitivity change and IgE suppression have predictive value for 

choosing the patients to be treated with omalizumab.

The basis for an increase in the basophil response during treatment with omalizumab is 

currently unknown although previous studies of both cat and peanut allergic patients noted 

an increase in the expression of syk that was correlated with the maximum response to anti-

IgE Ab10, 11. A similar change was also noted in the current study. Our previous study (and 

all subsequent studies including this one) also demonstrated that the response to a non-IgE-

dependent stimulus, FMLP, was not changed10, suggesting that the effects of omalizumab 

are restricted to IgE-mediated signaling steps. It has also been suggested that studies of 

sustained aggregation during the maturation of basophils from CD34 progenitors might be 

applicable to this situation31. In previous studies, sustained aggregation during maturation 

MacGlashan and Saini Page 6

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 January 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



resulted in “basophils” that expressed normal levels of histamine, granules and FcεRI but 

showed reduced syk expression. It has been speculated that treatment with omalizumab 

might relieve a state of chronic aggregation in allergic patients, although the nature of 

chronic aggregation has yet to be identified. The full extent of the changes occurring in 

basophils both in the CD34 culture studies or in patients treated with omalizumab has not 

been explored but the changes in syk are consistent with an increase in cellular 

responsiveness. The current studies now put a number on the change in cellular 

responsiveness, a more useful number in the context of understanding the magnitude of the 

change in the cell’s IgE-mediated response. After approximately 12 weeks on omalizumab, 

basophils have become 12 fold more sensitive but the most extreme change was nearly 125 

fold (see figure 2A). Based on previous calibrations of the IgE antibody used for 

sensitization and an average ED50 of 62 flow units in this study, this value corresponds to 

approximately 1100 molecules of IgE per cell. This appears somewhat more sensitive than 

previous baseline estimates of the basophil’s average sensitivity but the antigen in this case, 

streptavidin, was a somewhat better stimulus than the antigen used in previous studies (see 

online repository). A 12 fold change in sensitivity implies a cell that is capable of 50% of its 

maximal response (which has also increased) with only 100 antigen-specific IgE molecules 

per cell. Our previous modeling of IgE-mediated signaling in basophils32 suggest that a 2 

fold change in syk alone (the amount observed in the previous cat and peanut studies as well 

as this study) cannot readily account for a 12 fold change in sensitivity. The unexpected size 

of the increase in sensitivity suggests that future studies should examine the basophil for 

other changes. For example, models of IgE-mediated secretion31 suggest that a change in 

both syk and a src-family kinase like lyn might be sufficient together to cause this kind of 

enhancement. There is some support for this possibility because of the 20 different signaling 

species that have been examined for down-regulation by IgE-dependent aggregation7, only 

syk, lyn and FceRI expression were altered. The loss of syk is considerably greater than lyn 

but it is possible that during maturation of basophils (see the discussion above), modulation 

of lyn might also occur during any sustained aggregation that might be relieved by treatment 

with omalizumab.

A feature of the changing basophil response that has been consistent in all of our studies is 

the inverse relationship between the response before treatment and its increase during 

treatment10, 11. This now applies to the sensitivity metric. Indeed, the correlation between 

sensitivity before treatment and the fold change in sensitivity was remarkably high. This 

property of the change supports the concept that the natural (un-modulated) basophil 

response is some fixed value but that there is heterogeneity of response in the population due 

to some process that is sensitive to omalizumab. If this process is related to chronic or 

sustained aggregation (during maturation?), then these results suggest that the un-modulated 

state of basophils would include an IgE-mediated response that leads to nearly 100% 

histamine release and a sensitivity on the order 100 molecules/cell of antigen-specific IgE. 

In our recent study of peanut sensitive patients, there was an indication that this increasing 

sensitivity mitigated against the efficacy of the drug11. This would stand to reason if the 

basophil plays a role in expression of food allergies. But these observations suggest that the 

linkage between basophil function and disease response to omalizumab is possibly different 

from the linkage between the basophil response and disease severity. The linkage between 
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basophil response and disease severity is not strong33–39. For treatment to reveal that the 

change in basophil response has an influence on the efficacy of treatment suggests there are 

other factors involved. One speculation is that the end organ responses in each individual 

slowly adapt to the basophil’s behavior so that the target organs adapt over time to the 

individual’s natural basophil responsiveness. This might wash out a relationship between 

basophil responsiveness and disease expression in a cross-sectional study but make it 

possible to find the relationship revealed when the basophils’ response is rapidly changed in 

a longitudinal study.

In summary, this third study of basophil responsiveness during treatment with omalizumab 

shows that not only is the change in maximum release a repeatable feature of basophil 

responsiveness but a marked change in the intrinsic sensitivity of the basophil occurs. One 

interpretation of the various results is that omalizumab alters a process that serves to 

variably suppress the natural sensitivity and responsiveness of basophils. The magnitude of 

the increase is greater than current models of IgE-mediated secretion would predict for an 

increase in syk expression alone.
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Key Messages

• Treatment of subjects induces a large increase in the intrinsic sensitivity of 

basophils to IgE-mediated stimulation, an increase that translates to basophils 

requiring thousands of allergen-specific IgE per cell to values in the low 

hundreds to obtain equivalent mediator release.

• Based on current understanding about IgE-mediated secretion, the magnitude of 

the increase in sensitivity is much greater than can be accounted for by the 

concurrently measured increase in expression of syk, suggesting that there are 

additional changes in the cell that account for the increase.
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Figure 1. 
Sensitivity curves for subjects treated with omalizumab or placebo. Panel A; placebo treated 

subjects (n=9), ( ) average baseline sensitivity curve, ( ) average sensitivity curve at the 

midpoint of the study (approximately 6–8 weeks) and ( ) average sensitivity curve at 

approximately 12 weeks, just prior to cessation of drug dosing. Panel B; omalizumab treated 

subjects (n=10), ( ) average baseline sensitivity curve, ( ) average sensitivity curve at the 

midpoint of the study (approximately 6–8 weeks) and ( ) average sensitivity curve at 

approximately 12 weeks. The dotted line provides visual reference for the change in 

sensitivity.
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Figure 2. 
Relationships in change in sensitivity and starting sensitivity or starting maximum histamine 

release. Panel A; starting sensitivity (ED50) as measured in units of MFI from the flow 

cytometric measurements. Panel B; relationship between starting maximum histamine 

release and change in sensitivity.
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Figure 3. 
Sensitivity measurements using LTC4 secretion as the outcome. LTC4 was measured in the 

same supernatants as used to measure histamine release. The data shows only subjects 

treated with omalizumab (n=7) and for which data was available at each of the 3 time points 

(baseline, 6–8 weeks, 12 weeks).
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Figure 4. 

Recovery of baseline sensitivity after cessation of omalizumab treatment (n=7); ( ) 

average baseline sensitivity curve for the 7 subjects that completed the recovery period, ( ) 

average sensitivity curve at 12 weeks, ( ) average sensitivity curve 3 months after cessation 

of omalizumab.
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