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The interaction between immunoglobulin G (IgG) and ceftriaxone was studied. Using an ultrafiltration
method, we performed dose ranging studies at a ceftriaxone concentration range of 1 to 720 pg/ml in the
presence of various concentrations of human IgG, human serum albumin (HSA), and combinations of IgG and
HSA at pH 7.4 and 37°C. The results showed that ceftriaxone binding to IgG was nonlinear and was consistent
with the presence of two binding sites that possess different binding capacities and affinities. Except for
increased peak percent binding as the IgG concentration increased, the binding characteristics did not change
with IgG concentration. Binding to HSA was consistent, with the presence of only one high-affinity binding site.
A mathematical model based on the observed data was constructed; this model was used to predict protein
binding at various concentrations of drug, IgG, HSA, or combinations of IgG and HSA in buffer and in plasma
medium. Correlations between the observed versus the predicted values were excellent in both media.
Simulations with the model indicated that patients with hypergammaglobulinemia have an increased potential
of being exposed to prolonged subinhibitory concentrations of ceftriaxone if the drug is given once every 24 h.

Increasing use of large doses of intravenous (i.v.) immu-
noglobulin G (IgG) necessitates a closer examination of drug
binding to immunoglobulins to ascertain whether drug dos-
ing regimens need to be altered to maintain drug effective-
ness. Suspicion that certain drugs may bind to immunoglob-
ulins has been heightened by a recent report showing that
large doses of human IgG given in conjunction with ceftri-
axone to neonatal rats infected with a group B streptococcus
raised the mortality rate from 56.5% when ceftriaxone was
used alone to 95.7% when they were used together (10). One
potential explanation for this phenomenon is that IgG binds
ceftriaxone. More recently, Cantu et al. (7) reported unusual
vancomycin pharmacokinetics in a patient with IgA my-
eloma. Total concentrations of vancomycin in serum were
extremely elevated, but the free fraction in serum was only
3%, while control samples from other patients receiving
vancomycin were 62 to 90%. The elimination half-life was
prolonged despite normal renal function, and vancomycin
therapy was clinically ineffective. Extensive binding of van-
comycin, presumably to high concentrations of the IgA
protein, was suspected to account for these observations.
The IgA subtype involved was not characterized.

To prove the hypothesis that some drugs may bind to
immunoglobulins, a detailed in vitro kinetic evaluation was
undertaken with IgG. Since ceftriaxone was the antibiotic
used in the rat study noted above (10), that drug was chosen
for this study. Moreover, cephalosporins are the most com-
monly used antibiotic drugs in hospitalized, infected pa-
tients, and therefore, they are the most likely antibiotic
group to be used concomitantly with large i.v. doses of IgG.

The essential kinetic features of ceftriaxone are its exten-
sive and saturable protein binding in the therapeutic range
and elimination about equally by biliary secretion and by the
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kidney, the latter almost exclusively by glomerular filtration
(2, 14, 24). Its elimination half-life is about 8 h (2, 25, 26).
The relatively long half-life is at least partly a direct conse-
quence of its substantial protein binding and the absence of
renal tubular secretion (2, 25).

MATERIALS AND METHODS

Free concentrations of ceftriaxone (C,) were determined
by ultrafiltration (23, 30) by using the CETRIFREE micro-
partition system (Amicon Division, W. R. Grace & Co.,
Beverly, Mass.). Samples were equilibrated for 30 min at
37°C and were then centrifuged at 1,500 X g for 20 min. The
free concentration was determined from the ultrafiltrate.

The ceftriaxone concentrations in the ultrafiltrate and in
phosphate-buffered saline (PBS) were determined by the
spectrophotometric method (model 250; Gilford Instrument
Laboratories Inc., Oberlin, Ohio). The maximum absorption
wavelength of ceftriaxone in PBS, ultrafiltered PBS, ultrafil-
tered IgG in PBS solution, and ultrafiltered albumin in PBS
solution was 240 nm. At a concentration of 1 pg/ml, the
within-day coefficients of variation were 0.36% in PBS buffer
solution and 2.91% in ultrafiltered IgG or ultrafiltered albu-
min solutions. The overall day-to-day coefficient of variation
was 4.5%, which was obtained for slopes of standard curves
over a 4-month period. The ceftriaxone concentration in
plasma ultrafiltrate was determined at a wavelength of 275
nm. At this wavelength, a plasma ultrafiltrate blank has a
very low absorption. Drug-free samples were used as blank
controls for all drug concentration determinations.

Preliminary experiments indicated that ceftriaxone does
not bind to the filter membrane, regardless of whether PBS
or plasma ultrafiltrate is used as the solvent medium. Con-
sequently, PBS buffer was used as the solvent medium in
subsequent experiments. )

Binding of ceftriaxone to IgG and/or albumin. The binding
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kinetics of ceftriaxone to IgG were determined by adding the
drug into the IgG solution which was prepared from i.v. IgG
(Cutter Biological, Elkhart, Ind.) containing 50 g of protein
per liter, of which no less than 98% of the protein was IgG.
The solution was diluted with PBS, and the pH was adjusted
to 7.4 just before the drug was added. Binding was studied at
IgG concentrations of 12, 25, and 50 g/liter, using 7 to 11
different concentrations of ceftriaxone between 2 and 720
ng/ml for each fixed IgG concentration.

"In addition, we studied the binding of ceftriaxone at a
dosage range of 12.7 to 932 wg/ml to fatty acid- and globulin-
free human serum albumin (HSA; Sigma Chemical Com-
pany, St. Louis, Mo.) at concentrations of 20 and 40 g/liter.

Ceftriaxone concentrations that varied from 12.7 to 932
pg/ml were used to study the binding of ceftriaxone to a
mixture of 23 g of IgG per liter and 20 g of HSA per liter and
were compared with binding in 20 g of HSA per liter alone,
without IgG.

Binding of ceftriaxone to plasma with high levels of IgG.
Human plasma samples from a healthy volunteer with
known concentrations of HSA and total immunoglobulins
were used. IgG and ceftriaxone were added to the plasma to
obtain the desired concentrations. The correlation between
the observed versus predicted free ceftriaxone concentra-
tions was calculated.

Effects of pH and temperature on ceftriaxone binding to
IgG. The effects of pH and temperature were tested with a
fixed drug concentration of 10 pg/ml. We used a lower IgG
concentration of 12.5 g/liter to study pH effects and a higher
IgG concentration of 24.5 g/liter to study temperature ef-
fects, because pH usually has a greater effect on drug
binding than temperature does. pHs were adjusted to 3.5,
4.0, 6.7, 9.6, and 10.9 by using 0.05 N HCl or 0.05 N NaOH.
The effect of temperature was studied by incubating the
samples at 6, 23, 37, and 40°C. Two controls were tested
simultaneously; one contained drug in PBS to determine
filter membrane binding, and drug-free IgG in PBS was used
as the blank.

Binding kinetic parameters. Ceftriaxone binding parame-
ters were estimated by nonlinear least-squares regression
with SAS PROC NLIN (9). All the initial estimates were
obtained from the Scatchard plot (6, 8). Parameters were
obtained by the following equation (11, 20, 28):

Ni- K1 -Cr
1+K;- Cf) (Cp + Cf)

where %C, is the percentage of bound drug; N, and N, are
the maximum binding capacities of the two binding sites; K,
and K, are the association constants of the binding sites; and
Crand C, are free and bound drug in molar concentrations,
respectively, in which C, is calculated by subtracting C,
from the total concentration. For the low-affinity binding
site, N, - K, was determined because N, and K, cannot be
determined separately from the experimental drug concen-
tration range used (20, 28).

For ceftriaxone-HSA binding, a saturable single-binding-
site model was used, according to equation 2 (11, 20, 28):

N, - K; - Cy

%Cyp =
Cy+ Cf

100 @

N;-K3-Cp 1
1+Ks- Cf) (Cp + Cf)
where Nj; is the maximum binding capacity of HSA, K; is the
association constant, and C, and Cy are as defined above.

Prediction and simulation of free ceftriaxone concentrations
in the presence of HSA and IgG. When both HSA and IgG are

%Cp = )
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FIG. 1. Scatchard plot for ceftriaxone binding to IgG (12 gfliter).
The datum points are the mean values of éxperiments performed in
triplicate. R is the ceftriaxone concentration bound (in moles per
liter)/IgG concentration (in moles per liter). The findings are consis-
tent with the presence of at least two ceftriaxone-binding sites on the
1gG molecule.

present, the system is complex, with free drug in equilibrium
with bound drug on the three binding sites (two on IgG and
one on HSA). The relationship between total drug concen-
tration and free drug concentration can be described in
equation 3 (11, 20, 28):

Cota = Cp + Cy
nl-K1~C/-P n3~K3~Cf~A
- K G P+ —— T % ¢
1+ K, .¢, 2 k. 9O

where C,,, is the total ceftriaxone concentration; n,, n,,
and n, are the calculated binding capacities of the binding
sites on the protein molecule (calculated by the maximum
binding capacity [N;, N,, N5] divided by protein molar
concentration); P is the IgG molar concentration; and A is
the HSA molar concentration. All other parameters are the
same as defined above. Since equation 3 is a complex
equation, it was difficult to calculate C; directly from a
known Ci,,. Consequently, the C, for a specific Cyoa Was
calculated in a two-step manner by using a graphic method
by first calculating the C,,,, values for a series of C, values
by using equation 3 and then plotting the C, values versus the
calculated C,,, values. The C, value for a particular C,y,
value could then be derived from the plot.

RESULTS

Binding to IgG in PBS. Unlike studies of ceftriaxone
binding to plasma proteins or albumin in which only a single
binding site was observed, the Scatchard plot (28, 29) of our
studies with IgG indicated that there are two binding sites on
the IgG molecule for ceftriaxone (Fig. 1). The two-binding-
site model was the best model since additional parameters
were not significantly different from zero with a three-
binding-site model. The two-binding-site model was further
confirmed with the F-ratio statistics and examination of
residuals. )

When the percent bound versus free drug concentration
was plotted, the shape of the curve remained unchanged as
the concentration of IgG was increased from 12 to 50 g/liter
(Fig. 2). One of the two binding sites had a higher affinity but
a very low binding capacity, whereas the other binding site
had a very low affinity and a very high binding capacity.
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FIG. 2. Relationship of percent bound fraction (C,) to free
concentration (C,) at various IgG concentrations in the medium.

Each datum point is the average of triplicate experiments. Hypo-
thetical curve-fitting lines were drawn by using equation 1 (see text).

Table 1 summarizes the binding kinetic parameters. A plot of
percent Cyas a function of C,., indicated that the Cyfraction
is concentration dependent up to a C,, of approximately
100 pg/ml; above that, the C, fraction reached a plateau and
was concentration independent (Fig. 3). Figure 3 also shows
that peak C; fraction decreased as the IgG concentration
increased.

Binding to albumin in PBS. A Scatchard plot of ceftriaxone
binding to albumin by using 20 and 40 g of HSA per liter
showed a linear relationship, suggesting the presence of a
single binding site on the albumin molecule (data not shown).
Similar to that which was observed with IgG in Fig. 3, the
percent C; increased directly with the Cyoy (Fig. 4), but a
plateau . was not reached within the experimental ceftriaxone
concentration range used. The maximum binding capacity
(N,) was found to be 1 mol of drug per mol of albumin, and
the association constant (K;) was 2.5 X 10* ML, These
values are in close agreement with those reported previously
(3, 4,17, 18, 22, 27).

Binding in the presence of IgG and albumin in PBS. In the
presence of both HSA and IgG in PBS buffer, the observed
C, was similar to that predicted by equation 3. The correla-
tion coefficient (r) of the predicted versus the observed
values was 0.99, with a slope of 0.97 (versus a slope of 1, P
> 0.7) (Fig. 5).

_C, was significantly decreased in the presence of both
HSA and IgG (20 and 23 g/liter, respectively) when it was
compared with the C,in HSA (20 g/liter) alone (P < 0.01;
paired ¢ test). This effect was concentration dependent, and

TABLE 1. Ceftriaxone-IgG binding kinetic parameters®
IgG

1 K, N, - K, ny ny - Ky
(Z;’l:‘;'r‘) (107°M) (10°M~Y)  (M/M) M/M) MY
12 2.23 12.7 0.140 0.031 1,943
25 4.26 723 0.326 0.029 2,216
50 4.40 790  0.598 0.015 2,036
Mean * 927 £29 0.025 = 0.009 2,065 = 139
SD

“ N, and N,, maximum binding capacities of the two binding sites of IgG;
M, molar concentration, or moles per liter; K, and K,, association constants
of the two binding sites; », and #,, binding capacities for drug (moles per liter)
of the two binding sites per IgG (moles per liter).
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FIG. 3. Percent free drug as a function of the total drug concen-
tration. The datum points are means *+ standard deviations of three
experiments performed in triplicate. The percent free fraction (Cp
rose as the total drug concentration (C,,,) increased and reached a
plateau above C,qy Of 100 pg/ml. The peak percent C,decreased as
the IgG concentration increased.

the mean decrease in C, was 10.2 = 6.5% over the experi-
mental concentration range used.

By using equation 3 simulation, the effect of hyperimmu-
noglobulinemia G can be studied. Under this condition, the
change in percent Cas a function of Cy,, is biphasic. Thus,
comparing Cyin 10 g of IgG per liter (normal) with C,in 50 g
of IgG per liter, with the albumin concentration fixed at 20
glliter, a plot of the difference in percent Cr [(Cr.pormal 1g6 —
Crrigh 186) X 100/Cpormar 1561, sShows that the effect is feast
when C,, is about 100 pg/ml and higher at the lower and
higher values (Fig. 6).

Cyincreased directly with the pH up to pH 6.8. Beyond pH
6.8, the binding remained constant, as shown in Fig. 7.
Similarly, the C, fraction also increased directly with the
temperature. The curve was also nonlinear, and the change
from 35 to 40°C was minimal (Fig. 8). Thus, these effects are
not expected to be clinically significant within the narrow pH
and temperature ranges in humans.

Binding in plasma with high concentrations of IgG. In
studies in which PBS is used as the medium, the effects of
other plasma or serum components, particularly other nor-
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FIG. 4. Ceftriaxone binding to human serum albumin (40 g/liter)
in PBS buffer solution. The datum points are means * standard
deviations (n = 3). The slightly sigmoidal curve differs from that
observed with binding to IgG shown in Fig. 3. C,, free concentration
of ceftriaxone.
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FIG. 5. Predicted versus observed free drug concentration by
using PBS as the medium. Serum albumin and IgG concentrations
were 20 and 23 g/liter, respectively. The datum points are means of
triplicate experiments (slope = 0.97; r = 0.99).

mal proteins, are not taken into account. To study their
potential influence on the binding of ceftriaxone to IgG and
albumin and to simulate the in vivo situation, the study was
repeated in normal human plasma. The levels of albumin and
IgG were predetermined in the plasma samples, and exoge-
nous human IgG was added to the desired concentrations.

The results showed that the model for the combined
presence of IgG and albumin (equation 3) also fits the
observed data. Linear regression obtained an excellent cor-
relation between the predicted versus the observed C,values
(r = 0.998), as shown in Fig. 9. The slope of 0.81, however,
was significantly different from 1 (p = 0.002), probably
indicating the influence of additional, unknown factors in
plasma.
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FIG. 6. Simulation of changes in percent free drug concentration
(Cp with total drug concentration (Cyy, and C, [inset]) in the
presence of 20 g of albumin per liter or 20 g of albumin per liter plus
50 g of IgG per liter. The following values for the parameters were
used: n, = 0.025 M/M, K, = 9.27 X 10° M~ 1, n, X K, = 2065.5M 7,
ny;=1M/M, and K; = 2.5 x 10* M~ 1.
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FIG. 7. Effect of pH on free drug concentration. The total
ceftriaxone concentration used was 10 ng/ml, and IgG was used at
12.5 gfliter. Datum points are means * standard deviation (n = 3).

DISCUSSION

Although the binding of ceftriaxone to each specific
plasma protein is not well characterized, its binding behavior
to plasma (or serum) proteins, in general, is well studied (3,
4,17, 18, 22, 27). When determined by equilibrium dialysis,
the free fraction in plasma or serum increased from 4 to 44%
over the drug concentration range of 0.5 to 600 ug/ml. A
single binding site with a binding association constant of
about 3 x 10* M~! was described for plasma proteins or
albumin (3, 4, 17, 18, 22, 27). In our study, similar results
were obtained by using an ultrafiltration method. There was
close agreement in the binding parameters in pooled human
plasma protein and serum albumin, indicating, in fact, that
albumin is the major binding protein in normal human
plasma. .

A previous study has shown that ceftriaxone does not bind
avidly to a;-acid glycoprotein at a glycoprotein concentra-
tion of 200 mg/dl (17). The binding characteristics, however,
were not studied in detail.

Results of our present study show that ceftriaxone does, in
fact, bind to IgG and that it has two binding sites on the IgG
molecule. One site had a higher binding affinity than that for

90
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[*] 10 20 30 40 50

TEMPERATURE (C°)
FIG. 8. Effect of temperature on free drug concentration (Cp).
The total ceftriaxone concentration used was 10 pg/ml, and the IgG
concentration was 24.5 g/liter.
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FIG. 9. Predicted versus observed free drug concentration (Cy
in human plasma medium. The albumin concentration was 20 g/liter,

and the total IgG (endogenous and exogenous IgG) concentration
was 34 g/liter. Datum points are means of two experiments.

albumin (9.3 x 10° M~! versus 2.5 x 10* M~ for albumin)
but a much lower binding capacity than that for albumin
(0.03 mol of drug per mol of IgG versus 1 mol of drug per mol
of albumin). The other binding site had a low affinity but a
high capacity. From these findings, it can be expected that at
very low drug concentrations, ceftriaxone preferentially
binds to the higher-affinity IgG binding site; once this higher-
affinity IgG binding site is saturated, drug is then mostly
bound to albumin and the higher-capacity IgG binding site.
Thus, the effect of IgG on the free concentration of ceftri-
axone is greater as the total concentration of the drug
declines and as it increases to very high levels.

Binding is also IgG dose dependent, so that at concentra-
tions of 10 g/liter (high limit of the normal IgG concentration
in serum), the maximum proportion of bound drug is less
than 15%, whereas at the 50 g/liter maximum, binding
approaches 40%. In the presence of normal levels of serum
albumin and IgG, binding to IgG is of minimal significance.
When the IgG concentration is increased, however, as would
be the case following massive i.v. dosing for certain indica-
tions (5, 15, 16, 19, 31), binding to IgG may assume potential
clinical importance. This effect will be enhanced further in
the presence of hypoalbuminemia.

The mechanism of drug binding to gamma globulins is not
well studied (1). Previous studies have shown that isolated L
chains have a low affinity for binding chemical compounds,
whereas H chains have higher affinities (1, 21). It is possible,
then, that this finding ntay explain the characteristics of the
two apparent binding sites in IgG for ceftriaxone observed in
this study. These sites should be nonspecific and, therefore,
may be common to immunoglobulins belonging to the same
type. :

The very essence of immunoglobulin function is the ability
to specifically bind foreign molecules. Thus, it is reasonable
to anticipate that another mechanism of drug binding to
immunoglobulin is through its antigen-binding site in the Fab
fragment. This should be a relatively rare occurrence, how-
ever, because drugs are small molecules and molecules with
molecular weights of <10,000 are generally not effective
immunogens, although there are exceptions. Certain pep-
tides with molecular weights of about 4,500 to 5,000, such as
glucagon and insulin, may induce antibody formation. When
combined with a protein carrier (hapten), even very low
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TABLE 2. Time after dose of ceftriaxone® at which free
ceftriaxone concentration in serum was maintained above 0.5 or
1.0 pg/ml at different IgG doses and IgG concentrations in serum®

Estimated mean time (h)
at which the free

Single d f IgG "
inge cose ol 1g ceftriaxone was

Peak IgG concn

g(l:,:gn/klg\)' (g/liter) greater than:
0.5 pg/ml 1.0 pg/ml
0 10 15.3 9.0
100 12 14.7 8.8
500 20 14.0 8.2
1,000 30 13.0 7.5
400 (daily for 5 days) 354 12.5 7.0
1,000 (weekly) 504 10.8 6.0

“ The ceftriaxone dose was 1 g given i.v.

® Simulation of free ceftriaxone concentrations in serum after various i.v.
IgG dosages by using a two-compartment model for ceftriaxone, with a
distribution half-life of 1.7 h and an elimination half-life of 8 h, were used.
Binding parameters were as follows: n, = 0.025 M/M, K; = 9.27 X 10° M1,
n, - K, =2065.5M7!, ny =1M/M, and K5 = 2.5 x 10* M~1, where n, and
n, are the binding capacities of the two binding sites on IgG, n; is the binding
capacity of the single binding site on HSA, K, and K, are the association
constants of each IgG binding site, and Kj is the association constant of the
HSA binding site.

¢ Values were obtained from references 15, 16, 19, and 31.

9 Peak concentration after the fifth dose.

molecular weight drugs may become potent immunogens.
The case mentioned above that showed the unusually high
protein binding of vancomycin in a patient with immunoglob-
ulin A myeloma (7) could be an example of this possibility,
but this was not specifically studied.

From a clinical perspective, assuming a dose of 1 g of
ceftriaxone given i.v., a two-compartment model for ceftri-
axone with a distribution half-life of 1.7 h, an elimination
half-life of 8 h, and a volume of distribution-protein binding
relationship described by McNamara et al. (12, 13), the
effective free drug concentration would be below 1 pg/ml
approximately 3 h earlier or below 0.5 pg/ml 4.5 h earlier in
a patient with high levels of IgG (50 g/liter) in serum than it
would be in the same patient with normal levels of IgG in
serum. These data are given in Table 2.

We believe that clinicians should be aware of this potential
interaction, especially since it is easily corrected. From our
findings, it is reasonable to recommend, for those patients
with hypergammaglobulinemia or those receiving high doses
of intravenous IgG, that the daily dose of ceftriaxone be
given in divided doses every 12 h instead of once every 24 h.
This dosing regimen should minimize the duration of expo-
sure of these patients to subinhibitory antibiotic concentra-
tions in serum.

Finally, we only studied ceftriaxone, a drug with relatively
insignificant toxicity even at high doses. There is a possibil-
ity that other drugs may interact similarly with gamma
globulins. If such drugs have narrow therapeutic indices, the
clinical relevance of this phenomenon would be greater.
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